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Introduction

Transient electronics that require materials, devices, or sys-
tems to disappear or degrade with little or unmeasurable resi-
dues over a period of stable operation'? exhibit great potential
in biomedical engineering,*'? data security,'* and disposable
electronics.!*!’ The integration of completely or partially vanish-
able materials, including inorganic or organic semiconductors,
metals, and encapsulations/substrates, forms the fundamentals
of transient electronics. However, the transience of most tran-
sient electronics derives from a spontaneous process such as
chemical dissolution or physical disintegration;'®'® therefore,
the operation time is solely dependent on the degradation rate
of the integrated materials.

More recently, numerous efforts have been pursued to devel-
op on-demand smart transient electronics so that the transience
process can be smartly controlled or triggered by appropriate
choices of materials, or particular assemblies of devices, repre-
senting a significant step forward for the development of
relevant materials science, fabrication technology, and their
practical applications. Opportunities for this technology mainly
lie in devices/systems with irreplaceable functionalities, such as
in biomedical engineering, where functionalities of implanted
transient electronics can be degraded or triggered in an on-
demand smart manner, or data security, where stored informa-
tion can be protected or destroyed once it is intercepted.

Material strategies for on-demand
smart transient electronics

Chunyu You, Haonan Zhao, Qinglei Guo, and Yongfeng Mei

Emerging transient electronics capable of complete physical and chemical disintegration
are derived from advanced materials and device design strategies. The area of exploring
on-demand smart transient electronics has seen continuous development, allowing for
the degradation process to be triggered or controlled through an instantaneous stimulus,
thus offering significant potential in data security, undetectable spying, and bioresorbable
electronics applications. In this article, we summarize recent progress in the design and
strategies of on-demand smart transient electronics and emphasize the basic principles
of selecting, processing, and integrating materials. After an introduction to the history
and properties of triggered transient electronics, we discuss on-demand smart transient
electronics based on their triggering stimuli, strategies for designing thermal, optical, or
electrical triggers, and future development trends and challenges.

For this purpose, various types of stimuli such as UV light
exposure,'*? electrothermal treatments,?"-** thermal heating,* 2
and mechanical forces?” have been demonstrated to trigger
on-demand smart transient electronics.

In this article, we will review recent progress in on-demand
smart transient electronics. Materials strategies for designing trig-
gering stimuli, including thermal, optical, and electrical triggers
are discussed, as well as potential applications. Representative
trigger and disintegration mechanisms are examined, and their
pros and cons are briefly discussed. Finally, future opportunities
for on-demand transient electronics are described.

Thermally triggered transient electronics
To design thermally triggered on-demand smart transient
electronics, thermo-sensitive materials, either as encapsu-
lations or substrates (e.g., phase-change and volume-change
materials),'”>? are considered. Figure 1a shows an example
of thermally triggerable on-demand smart transient elec-
tronics,* with wax-containing methanesulfonic acid drops
as triggerable encapsulations. Upon exposure to sufficient
thermal heat that reaches the melting point of wax, the encap-
sulated acid is released, thus inducing the corrosion of the
Mg electrodes and failure of the electronic device.
Remotely and precisely thermally triggered transient electron-
ic devices can be achieved.?**° Figure 1b shows a wirelessly
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Figure 1. (a) Mechanisms and principles of thermally triggerable transient electronics. Wax containing methanesulfonic acid dispersions

is used as the triggerable encapsulation. When the device is heated to 43°C, the wax melts and the encapsulated acid is released,
resulting in the erosion of the Mg electrodes and the depolymerization of the cyclic poly(phthalaldehyde) (cPPA) substrate. Reprinted with
permission from Reference 26. © 2015 Wiley. (b) Schematic illustration (left), optical image (middle), and side view illustration (right) of a
wireless microfluidic system for triggered transience using heat-sensitive pumps. Wirelessly triggered by the thermal heating, chemical
etchants will eject through the microfluidic channels into the target electronics, causing the degradation of their functionalities. Reprinted
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triggerable transient device that contains microheaters, a ther-
mally expandable polymer, reservoirs (for water), sealing caps
(made of cyclic olefin polymer), and microfluidic channels on a
glass-reinforced epoxy laminate substrate. The wireless con-
trol system involving serial communications allows precise
control of the microheaters, which induce the ejection of dyed
etchants on the functional layer. Within 3 min after the trigger,
the transience process was completed. Using a similar scheme,
an on-demand, wireless drug delivery system,? enabling local-
ized and timed release of drugs, has been demonstrated. In this
scenario, all components of the system are made exclusively of
bioresorbable materials, including the wireless thermal heaters
and the drugs packed and embedded in a thermally triggerable
biological lipid membrane. When Joule heat is delivered wire-
lessly to trigger the phase transition of the lipid membrane, the
stored drugs (e.g., doxorubicin) are released, capable of pre-
cisely controlling the pharmacological treatment, optimizing
current clinical procedures and improving patient compliance.

Thermally triggered transient electronics can also be
realized by building the device layer on thermally responsive
substrates, such as poly(a-methyl-styrene) (PAMS), which
is volatile and decomposable at high temperatures.=! As
shown in Figure 2, in one study, a PAMS temporary layer
was spin-coated on a polyimide/Kapton substrate, and sili-
con-based electronics were fabricated on top of this layer.?
When heated to 250°C, the temporary layer starts to de-
compose, yielding a limited number of volatile products,
as shown in Figure 2b. After the critical failure temperature
is reached, as presented in Figure 2c, a large quantity of gas
gathers below the silicon-based electronics, and the accom-
panying high pressure leads to the breakdown of the device.
With this strategy, Figure 2d—f shows the electrical per-
formances of various types of transient devices, such as
silicon-based transistors® or phototransistors,’' that can be
triggered to degrade. The studies by Li et al.>3!' provide
great potential in data security, on-chip supervisory circuit
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Figure 2. Schematics of the disintegration process of thermally triggered on-demand
smart transient electronics. (a) Flexible silicon-based electronics were fabricated on a
poly(a-methyl-styrene) (PAMS)/polyimide (Pl) substrate. (b) When heated to 250-300°C,
the PAMS interlayer starts to decompose causing a high pressure, which hunches up
the device layer. (c) When the temperature reaches 300°C, the silicon-based electronics
disintegrate via crack formation and delamination. The insets show optical microscope
images of corresponding stages. (d) Temperature-dependent transfer characteristics
of silicon-based transistors on PAMS. The inset Vgs-lps curve indicates the device is
thermally triggered to degrade after heating for 3 min. (a-d) Reprinted with permission
from Reference 25. © 2018 Wiley. (e) |-V, (current-voltage) curves collected from a silicon-
based phototransistor on PAMS varying with different heating temperatures. The inset
shows that the phototransistor is thermally triggered to degrade after heating for 3 min.
(f) Real-time (RT) optoelectronic response of the phototransistor illuminated with a pulsed
405-nm laser and various temperatures. When heated over 300°C, the phototransistor
completely fails due to the decomposition of PAMS. (e, f) Reprinted with permission from
Reference 31. © 2018 Wiley.

safeguards, and sensing devices, although a continuous high-
temperature annealing treatment is needed for their strategy.
Similar schemes, with rapid transience and low triggered
temperatures, are possible through appropriate choice of
substrate materials with fast response times and lower response
temperatures.*

Optically triggered transient
electronics

The ability to remotely, noninvasively trigger the
transience of on-demand smart transient electron-
ics is useful, especially for sensing/monitoring in
severe environments, as recently realized by an
optically triggered design.? Figure 3a shows
a typical example of optically triggered tran-
sient electronics, consisting of a silicon-based
transistor array that is built on the photo-acid
generator/cyclic poly(phthalaldehyde) (PAG/
cPPA) substrate. Once exposed to ultraviolet
light, hydrogen chloride is generated, result-
ing in the rapid depolymerization of the acid
sensitive substrate. Finally, the substrate begins
to disintegrate, leading to the destruction of the
electronic system.

Optical images of the triggerable transience
process of silicon-based transistor arrays fab-
ricated on PAG/cPPA substrates are shown in
Figure 3b. After a 230-min irradiation, the
substrate was degraded, inducing the destruc-
tion of the onboard electronic systems. The
transience time can be modified by tuning the
substrate material or by optimizing the irradia-
tion conditions. This strategy has been recently
expanded to completely dissolve an inert metal
(i.e., gold electrodes) by using a light-triggered
cyanidation system.’? Light-responsive meta-
stable polymers (e.g., poly(phthalaldehyde))
that can depolymerize to release a strong acid
in situ under visible light by the incorpora-
tion of photosensitive compounds,** may also
provide opportunities for optically triggered
on-demand smart transient electronics. Further
opportunities lie in developing unique materi-
als for realizing a more controllable, environ-
mentally friendly transience process.

Electrically triggered transient
electronics

Electrical stimuli that trigger hybrid reactions,
such as electric sparks,” electrochemical-
mechanical distortions,** and electrochemical
degradations®® that can induce irreversible fail-
ure of devices, offer significant opportunities
for data or information security. Data protection
through software can be attacked by hackers, or
deleted data can be recovered. To eliminate

security risks, the most straightforward way for data security
is to destroy the data-storage hardware before its intercep-
tion or decoding, preferably in a way that can be triggered.
Recently, Pandey et al., demonstrated an electrically trigger-
able transient modular device, which can be electrically trig-
gered to combust.? In their scheme, a mixture of preprocessed
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Figure 3. Optically triggered on-demand smart transient electronics. (a) Schematic
illustration of the device construction, containing a triggerable 2-(4-methoxystyryl)-
4,6-bis(trichloromethyl)-1,3,5-triazine (MBTT)/cyclic poly(phthalaldehyde) (cPPA) substrate,
and a transistor array. When exposed to UV light, HCI is generated, leading to rapid
depolymerization of the substrate and erosion of the Mg electrodes. (b) Time scale of
the degradation process of the proposed optically triggered on-demand smart transient
electronics. A 379-nm UV light was used as the triggering source. The freestanding array is
completely destroyed after 230-min irradiation. Reprinted with permission from Reference 20.

© 2014 Wiley.

The triggered transience was realized by the
lithiation of silicon, which caused fracture of
the silicon through significant volume expansion.
The proposed strategy may provide an alterna-
tive for triggering the transience of silicon-based
electronics.

Summary and outlook
On-demand smart transient electronics repre-
sent one set of electronic devices or systems
that can disappear or lose their functionalities
via triggerable or programmable degradation.
They offer various opportunities for unusual
advanced electronics, mostly significant in
biomedical engineering, green consumer elec-
tronics, and data security. Materials strate-
gies, device or system construction designs,
triggering mechanisms, and fabrication tech-
nologies play vital roles in the development
of on-demand smart transient electronics.
Destruction initiation can be designed within
the encapsulations or substrates, which can be
triggered electrically, optically, thermally, elec-
tromechanically, or electrochemically. Current
efforts have demonstrated great potential with
this class of emerging electronic devices or
systems.

However, the development of on-demand
smart transient electronics faces strong chal-
lenges, due to complex device configura-

tions, triggering methods that are not ideal,

CuO particles, Al particles, and a gelling agent in the form
of Napalm-B was spin-coated to form a nanothermite film,
which acts as the triggerable transient modular. Triggered
by an electric spark to generate instantaneous ignition, the
on-board silicon-based microelectromechanical chip can be
destroyed in approximately 10 s, with the potential to develop
any type of triggerable secured microchip.

Recently, Yu et al. designed an on-demand destructive
electronic system that can be triggered via electrochemical-
mechanical means.* Figure 4a shows the schematic illustra-
tion of the device constructions with on-demand triggered
transience, including gold electrolysis electrodes, the cor-
rosive liquid, the controllable releasing module, and func-
tional electronic devices. Applying a DC voltage, the inner
gas pressure of a sealed cavity increases through electroly-
sis of a corrosive solution. Figure 4b shows the diagrams
of the key transience steps of the electrically triggered
transient electronics. Once the pressure reaches a critical
value to induce fracture of the bottom sealed Si;N, layer,
the corrosive liquid rushes out to dissolve functional devices.
Chen et al. demonstrated an electrochemically triggered
transience mechanism for silicon, which allowed complete
and controllable destruction of silicon-based electronics.*

or strong acid-involved chemical reactions.
In addition, once the transience stimuli are triggered, ma-
terials and components of current on-demand smart tran-
sient electronics will be completely degraded or dissolved,
leading to a waste of resources. Future research opportuni-
ties in this area include (1) exploiting advanced materials
and design schemes for friendly stimuli without involving
harmful or toxic products (or intermediates) during the whole
transience process; (2) designing smarter schemes for trig-
gerable stimuli, aiming for programmable and controllable
transience processes; and (3) developing new on-demand
smart transient electronics with reversible transience pro-
cesses or retrievable materials in terms of energy conserva-
tion and environment protection.

These on-demand, smart transient electronics promise a
bright future for various applications and also lay the founda-
tions for the fast development of several disciplines, including
materials science, physics, chemistry, microelectronics, bio-
medicine, and fabrication technology.
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