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Moisture-triggered physically transient electronics
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Physically transient electronics, a form of electronics that can physically disappear in a controllable manner, is
very promising for emerging applications. Most of the transient processes reported so far only occur in aqueous
solutions or biofluids, offering limited control over the triggering and degradation processes. We report novel
moisture-triggered physically transient electronics, which exempt the needs of resorption solutions and can
completely disappear within well-controlled time frames. The triggered transient process starts with the hydrol-
ysis of the polyanhydride substrate in the presence of trace amounts of moisture in the air, a process that can
generate products of corrosive organic acids to digest various inorganic electronic materials and components.
Polyanhydride is the only example of polymer that undergoes surface erosion, a distinct feature that enables
stable operation of the functional devices over a predefined time frame. Clear advantages of this novel
triggered transience mode include that the lifetime of the devices can be precisely controlled by varying the
moisture levels and changing the composition of the polymer substrate. The transience time scale can be tuned
from days to weeks. Various transient devices, ranging from passive electronics (such as antenna, resistor, and
capacitor) to active electronics (such as transistor, diodes, optoelectronics, and memories), and an integrated
system as a platform demonstration have been developed to illustrate the concept and verify the feasibility of
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this design strategy.

INTRODUCTION

The substantial and increasing demands for the prevention of sensi-
tive data leakage, the reduction of electronic waste, or the elimination
of second surgery to remove electronic implants suggest the need for
electronics able to disappear physically in a controlled manner. Re-
cent advances in transient electronics have paved the way for such de-
vices (1-5). Examples include electrophysiological sensors (5),
diagnostic brain implants as well as therapeutic implants for thera-
pizing and biosensing (2), degradable microwave electronics (4)
toward applications in temporal medical implants (2, 6), dispos-
able sensors (5, 7, 8), data-secure hardware systems (9-11), and
environment-friendly degradable devices (4). However, most of the
transient electronics achieve their transience through chemical disso-
lution with the device submerged in aqueous solutions or biofluids
(1, 3, 6, 7, 12-22), with little control over the transience period, where
the transience is passively governed by chemical dissolution or
mechanical destruction of the functional devices associated with
the degradation process. In addition, materials limited to biofluidic
resorption or degradation, such as inorganic semiconductors (for ex-
ample, Si) (23), metal conductors (for example, Mg, Mo, W, Zn, and
Fe) (24), insulators (for example, MgO, SiO,, and Si3Ny) (1, 20), and
encapsulation layers or substrates [for example, silk fibroin, poly(lactic
acid), poly(e-caprolactone), and poly(vinyl alcohol)] (1, 21, 22, 25), have
been chosen to construct transient electronics. A collection of other

'Department of Mechanical Engineering, University of Houston, Houston, TX
77204, USA. *Department of Polymer Science and Engineering, CAS (Chinese
Academy of Science) Key Laboratory of Soft Matter Chemistry, University of
Science and Technology of China, Hefei, Anhui 230026, China. *Materials Sci-
ence and Engineering Program, University of Houston, Houston, TX 77204, USA.
“Department of Electrical and Computer Engineering, University of Houston,
Houston, TX 77204, USA. 5Department of Engineering Mechanics, Center for
Advanced Mechanics and Materials, Tsinghua University, Beijing 100084, China.
SDepartment of Biomedical Engineering, University of Houston, Houston, TX
77204, USA.

*These authors contributed equally to this work.

tCorresponding author. Email: hxu@ustc.edu.cn (H.X.); cyu15@uh.edu (C.Y.)

Gao et al., Sci. Adv. 2017;3:e1701222 1 September 2017

materials, such as Cu, Ni, and Al, are typically excluded because they
are undissolvable under these conditions.

Here, we report a new type of physically transient electronics
whose transience mode is triggered by moisture, which is common
yet challenging to be applied in transient electronics, constructed in
the format of functional devices on top of hydrolytically liable poly-
anhydride substrates; this design exempts the needs of resorption
solutions, and the electronics can completely disappear after a con-
trollable time period. The transient process is attributed to the hydrol-
ysis of the polyanhydride substrate in the presence of trace amounts
of water molecules in the air, a process that can generate corrosive
organic acids to digest various inorganic electronic materials and
components, such as metal electrodes, metal oxide dielectrics, and
semiconductors. This unique transience chemistry ensures complete
degradation of entire electronic devices in air (Fig. 1A) and broadens
our selection of materials suitable for constructing transient elec-
tronics. The lifetime of the moisture-triggered transient devices
can be precisely controlled by varying the humidity level in the
surrounding environment or by changing the substrate composi-
tions, a distinct feature that enables stable operation of the devices
over a predefined time frame. The moisture-triggered physically
transient electronics have several distinct advantages: (i) The degra-
dation kinetics or transient behaviors can be tuned by varying the
polymer compositions or moisture levels; (ii) the devices can main-
tain stable operation until the polyanhydride is triggered to hydro-
lyze; (iii) polyanhydride undergoes a surface erosion process, and
nearly no associated mechanical strain will be imposed onto the
functional devices (26, 27); and (iv) organic acids generated during
the hydrolysis process can dissolve a wide range of electrode materials,
semiconductors, and dielectrics that are typically considered to be
nontransient. The associated materials, device designs, and fabrica-
tion methods described here could possibly lead to the development
of eco-friendly disposable electronics and sensors, weapons, and ex-
plosives, which are expected to function for only a certain time pe-
riod and then physically disappear.

10f 8

0202 ‘2T YodJe uo /610 Bewasdusios saoueape//:dny wolj papeojumoqd


https://core.ac.uk/display/289095356?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

€ Electronic devices

&
/
o,
ls’ &

Water molecule

Degradation in air

»

Fully degraded polymer
and electronics

B C
Cu electrode -
Resistor__¥. Antenna Resisto!  yomory n V!,
N Ioz0 T\ N\, e N ‘
Lo 7\ = )? Diode s
- e \
T r ¥ - X
P = | 1 citor
MgO 4 Capa \. —Knfenna....
:A o ",‘v M Hissolvable bglymer
1GZO Polymer ‘?rans'lslor s e
D —
" - 1] - ’
-
T g 500 pm

Fig. 1. Moisture-triggered physically transient electronics: A demonstration platform. (A) Schematic illustration of the moisture-triggered transience of the dem-
onstration platform. (B) Explored illustration of an integrated electronics that includes a transistor, a diode, a memory, a capacitor, an antenna, and a resistor, with
interconnects and dielectrics on a moisture-sensitive degradable polymer substrate. The inset in the lower right of the figure shows the top view. (C) Optical image of
the circuit fabricated on the substrate. (D) Optical images showing the time-sequential dissolution of the device under 75% relative humidity.

RESULTS

Demonstration of a moisture-triggered transient

electronic system

The humidity-controlled transient electronics are constructed on a
polyanhydride substrate through multiple steps of additive micro-
fabrication processes. A demonstration platform, schematically illus-
trated in Fig. 1B, consists of an antenna, a capacitor, a resistor, a diode,
a transistor, a unit cell of a resistive memory, interconnects, and the
polyanhydride substrate (Fig. 1C). Specifically, Cu was used as the
conductors and electrodes for the transistor, the capacitor, and the re-
sistive memory. Niand Al were chosen as the electrodes for the diode
to form Schottky and ohmic contacts, respectively. The semiconductor
indium gallium zinc oxide (IGZO) was used to construct the tran-
sistor, the diode, and the resistive memory. Magnesium oxide (MgO)
was used as an insulating dielectric for the transistor and the capac-
itor. The fabrication of the device involves direct deposition of
multiple materials through Kapton film-based shadow masks. The
details can be found in the Supplementary Materials. The transient
characteristics of this demonstration platform under a relative hu-
midity of 75% are illustrated by the sequential time elapse optical
images in Fig. 1D. These results clearly indicate that the design
strategy for moisture-triggered transient electronics is feasible.
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Moisture-triggered hydrolysis of polyanhydride substrates

The polyanhydride substrate was synthesized by photochemical cross-
linking of 4-pentenoic anhydride, poly(ethylene glycol) (PEG) dia-
crylate, and pentaerythritol tetrakis(mercaptoacetate) (Fig. 2A). The
detailed synthetic procedures can be found in Materials and Methods.
Here, the thickness of the polymer substrates used for all transient
electronic devices is controlled at ~124 um (fig. S1). The transmittance
of the polymer substrate is more than 90% in the visible spectrum
region (400 to 700 nm) (fig. S2). Besides in aqueous solutions, hydrol-
ysis of polyanhydride can occur in air where moisture exists. The
chemical reaction responsible for the hydrolysis of the polymer is
illustrated in Fig. 2A. In particular, the polyanhydride undergoes a sur-
face erosion process rather than expanding globally for other degrad-
able polymers (28), and therefore, nearly no associated mechanical
strain will be imposed onto the integrated functional devices. The
polymer can absorb moisture in the air, and the anhydride groups
react with the absorbed water molecules to trigger the hydrolysis
process. The Fourier transform infrared (FTIR) spectroscopy results
(Fig. 2B) show that the characteristic stretching vibration peak of
C=0 in anhydride group around 1814 cm ™" disappeared after hy-
drolysis for 72 hours under ~90% humidity, clearly indicating the
hydrolysis of anhydride groups. In addition, a new peak due to the
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Fig. 2. Moisture-triggered degradation of the polyanhydride films. (A) Ultraviolet (UV) light-initiated synthesis of the polyanhydride thin films with the moisture-
sensitive anhydride group, which can hydrolyze into organic acids with moisture. (B) FTIR spectra of the polymer before and after the hydrolysis process. (C) The time-
sequential change of pH values of the polyanhydride polymer with 10% PEG during the hydrolysis process occurring in water. (D) Optical images showing the time-sequential

hydrolysis of the polymer with 10% PEG.

hydrogen-bonded form of carboxylic acid at 1708 cm™" appeared,
further confirming the formation of carboxylic acid after hydrolysis
of anhydride groups with moisture. When the humidity is controlled
to be 0%, no variations could be observed from the FTIR spectra (fig.
S$3), indicating that no hydrolysis can occur. We also examined the
change of pH values when 28 mg of polyanhydride containing 10%
(molar ratio) PEG was added into 10 ml of pure water. As shown in
Fig. 2C, the pH value decreased from 6.0 to 4.3 after 120 min, implying
that acids were generated after the hydrolysis reaction. As hydrolysis
proceeds, the solid polyanhydride thin film turned into a viscous lig-
uid, as seen in Fig. 2D. This solid-to-liquid phase change is sometimes
highly desirable for transient electronics because the fully degraded
products can be easily washed away with water (1).

Furthermore, the degradation processes of the polymer thin film
are tunable with different polymer compositions and different levels
of humidity. By increasing the content of the anhydride, that is,
decreasing the content of PEG (see the Supplementary Materials for
details), the polyanhydride hydrolysis speeds up, and it takes less
time to realize complete hydrolysis. Meanwhile, at a fixed relative
humidity of 90%, the polyanhydride substrates with PEG content
of 0 and 10% took 36 and 48 hours to completely turn into viscous
liquids, whereas those with 20 and 30% of PEG were partially (about
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50%) hydrolyzed after 48 and 96 hours, respectively. However, for the
one with PEG content of 50%, only slight hydrolysis was observed
even after 96 hours. By decreasing the relative humidity, the hydrolysis
speed slows down. The detailed hydrolysis results for polyanhydrides
with different PEG compositions and different film thicknesses under
different relative humidity levels are presented in figs. S4 to S7. Over-
all, the time scale of complete hydrolysis can be tuned from days to
weeks. It is noted that in this work, we mostly chose the polyanhydrides
with high-content anhydride groups and made the transient process
of the materials and devices relatively fast to illustrate the concept and
to meet the relative short transient period needs after triggering in
broad applications.

Moisture-triggered degradation of electronic materials

The corrosive nature of the acids generated during hydrolysis is ap-
plicable to a very broad range of electronic materials. Here, metals (for
example, Cu, Ni, and Al), semiconductors (for example, IGZO), and
insulating dielectrics (for example, MgO) were specifically used to
build the physically transient devices. Figure 3A captures the asso-
ciated chemical reactions. With this unique degradation mechanism,
a wide collection of materials without transient properties in aqueous
solutions are suitable for constructing transient electronics. Figure 3

30f8

0202 ‘LT Yyare uo /Bio-Bewasusios saoueape)/:dny woiy papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

A

o [o) o) o
RJ\OH"'HOJ\R. ™ — RJ]\O‘-'-‘OJ]\R' + My +H,

Metal dissolution reaction

o 0 0 0
RJ\OH+H0J\R-+ MOx—=> RJI\O‘+‘OJLR' WA H,0

Oxide dissolution reaction

Fig. 3. Dissolution kinetics of core materials used in the moisture-triggered
transient devices. (A) Chemical reactions responsible for triggered transience of
metals and oxides. (B) Optical images showing the time-sequential dissolution of the
Cu membrane. (C) Optical images showing the time-sequential dissolution of the
IGZO membrane. (D) Optical images showing the time-sequential dissolution of
the MgO membrane.

(B to D) shows the time-sequential images of dissolution for Cu,
IGZO, and MgO thin membranes (500 x 500 um?, 50 nm thick) under
a relative humidity of ~75%. All these materials completely degraded
after about 5 days. The hydrolysis of the polymer substrates and thus
the amount of acids generated can be tuned by controlling the envi-
ronmental conditions, that is, humidity. As a result, the degradation
kinetics of the electronic materials can be well controlled. The time-
sequential images in Figs. 3B and 4 (A and B) verify that the Cu thin
membrane (500 x 500 umz, 50 nm thick) exhibited different dissolu-
tion kinetics under different humidity levels. Under extremely dry
conditions with a humidity of nearly 0%, no significant changes can
be observed from the Cu thin film (Fig. 4A). Meanwhile the Cu thin
membrane completely degraded within 144 hours at a relative hu-
midity of 45% (Fig. 4B) and 76 hours at a relative humidity of 75%
(Fig. 3B). The effect of anhydride contents of the polyanhydride sub-
strates on the degradation behaviors of the electronic materials was
also carefully examined. Cu thin membranes on different substrates
(Figs. 3B and 4, C and D) exhibited different degradation kinetics.
Obviously, higher content of the anhydride groups in the polymer
substrate leads to more efficient degradation, which is consistent
with the hydrolysis kinetics of the polyanhydride substrate as de-
scribed previously.

Moisture-triggered degradation of electronic devices

The broadened range of suitable electronic materials and the estab-
lished fabrication techniques allow us to design and fabricate a vari-
ety of electronic devices and potential functional systems. Therefore,
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Fig. 4. Controlled transience process by controlling the environmental hu-
midity levels and the polymer compositions. (A and B) Optical images showing
the time-sequential dissolution of the Cu membranes under relative humidity (RH)
of 0 and 45%, respectively. (C and D) Optical images showing the time-sequential
dissolution of the Cu membranes on the polymer substrates with 20 and 30% PEG,
respectively, under a relative humidity of 75%.

we constructed a set of passive and active electronic devices in the
moisture-triggered transient format. The dissolution behaviors of
these devices were studied using polyanhydride substrates with 10%
PEG. All the degradation processes were carried out under a humidity
of 75%. Figure 5 presents the moisture-triggered transience of passive
devices, including the resistor, the antenna, and the capacitor, based
on Cuand MgO. As shown in Fig. 5 (A and B), as the hydrolysis of the
polymer substrates started, the Cu resistor started to be eroded, as evi-
denced by the increase of the resistance (continuously monitored be-
tween the contact pads). Specifically, the resistance increased from 600
to 1000 ohms within 20 hours. Upon further hydrolysis, the resistance
increased markedly, reaching 10 megohms at ~25 hours, where many
cracks appeared and discontinued the electrical current path.

Figure 5C presents the sequential time elapse images of a Cu
antenna on a polyanhydride substrate. The characteristics of the an-
tenna during the transience were captured, as illustrated in Fig. 5D.
The detailed sample dimensions and measurement setup are shown
in fig. S8. The S11 of the antenna had a resonance at 3.1 GHz. As the
transience process began, the resonance frequency of the antenna
showed a slight shift. However, upon further degradation, a signifi-
cant shift was observed. The current path on the antenna was influ-
enced by the dissolution, and we noticed that the S11 magnitude curve
shifted to a lower frequency. After 168 hours, the antenna was mostly
dissolved and completely disintegrated. No antenna characteristic was
obtained according to the measured S11 results.

The time elapse images of the transience process of a metal-
insulator-metal structured capacitor (fig. S9, A to C) array are shown
in Fig. 5E, in which Cu served as the top and bottom electrodes and
MgO as the dielectric. The measured capacitance before the tran-
sience is shown in fig. S9D. At a frequency range of 0.1 to 100 kHz,

40f 8

0202 ‘LT YyareN uo /Bio-Bewasusios sadueape)/:dny woiy papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

-
m
~

Resistance (ohm)m
=Y =Y
m m
w 3]

0 5_10 15 20 25
Time (hour)

A
50 hr
00 um
C

P 1 1r2 hr

[ 56 hr

B

0 hr
- [\ b ol
5

IR
e A

=
i
1

-20 , . . 168 hr
1.5 25 3.

5 4.5
F Frequency (GHz)

84 hr

108 hr

® X X

-
(=]

120 '“ag,a,“

—"0%0

©
(=]

°
-

H
(=]
°

-
<

Capacitance (pF)

990000°

|
ZH 001L@ SsO| 914399310

2 9,9 10
0 10 20 30 80120
Time (hour)

Fig. 5. Moisture-triggered transience of passive devices. (A) Optical images showing the time-sequential dissolution of a resistor. (B) Measured transience of a resistor.
(C) Optical images showing the time-sequential dissolution of an antenna. (D) Measured transience of the antenna. (E) Optical images showing the time-sequential
dissolution of the capacitor, with the top row showing the dissolution of a 4 x 4 array of capacitors. The bottom frames are the magnified images. (F) Measured transience

of the capacitance and dielectric loss of the transient capacitor.

the device has a capacitance of ~125 pF. The capacitors disappeared
after 108 hours. Figure 5F presents the measured transient character-
istics of the capacitance and dielectric loss of the transient capacitor at
a frequency of 100 Hz.

Figure 6 presents the moisture-triggered transience of active de-
vices, including arrays of thin-film transistors (TFTs), logic gates,
diodes, photodetectors, and resistive memories. The transistors used
IGZO, MgO, and Cu as the n-type semiconductor, gate dielectrics, and
metal electrodes for source, drain, and gate, respectively (fig. S10, A to
C). The channel length and width were designed to be 80 and 300 um,
respectively. The details of the device structure are shown in Fig. 6A
(optical image) and fig. SI0A (schematic illustration). Figure 6B and
fig. S10D show the output and transfer curves of the TFT, respectively.
The TFT's demonstrated an n-type behavior, with a field effect mobil-
ity of 6.98 cm®/Vs, an on/off ratio of 7.93 x 10%, a threshold voltage of
13.21 V, and a subthreshold swing of 1.14 V/decade. The performance
of this device on the polyanhydride substrates is comparable to the
counterpart on a rigid wafer (4, 29). Figure 6A shows the time elapse
images of the transience process of the transistors, and the array al-
most completely disappeared after 72 hours. The measured transience
characteristics of the TFT, that is, the transfer curves over the tran-
sience period, are illustrated in Fig. 6C. The current decreases over
time, and eventually, no current can be extracted after about 40 hours.

The inverters, that is, logic gates, used the same materials as those
for the transistors (fig. S11). On the basis of two IGZO transistors, an
NMOS inverter with an enhancement load was fabricated with channel
widths of 100 and 300 um for load and driver transistors, respectively.
The optical image of the device is exhibited in Fig. 6D. Figure 6E shows
the measured voltage transfer curve and gain of the inverter, while the
Vpp was kept at 20 V. The inverter has a voltage gain of 1.03. Figure 6D
shows the time elapse images of the transience process of the inverters,
and the devices almost completely disappeared after 72 hours. Once the

Gao et al., Sci. Adv. 2017;3:e1701222 1 September 2017

transience process starts, the output voltage at an input voltage of 0 V
decreases over time, as illustrated in Fig. 6F.

The Schottky diodes used IGZO (conduction band Ecg ~ 4.5 €V)
(30) as the active material. Ni (¢ ~ 5.35 eV) (31) and Al (¢ ~ 4.2 eV)
(32) electrodes were chosen to form a Schottky contact and an ohmic
contact with the IGZO, respectively. The device array and detailed
structures are illustrated in Fig. 6G and fig. S12, respectively. A typical
rectifying characteristic of the I- V curve is shown in Fig. 6H. Figure 6G
shows the sequential time elapse images of the transience process
of the diodes, and the devices almost completely disappeared after
93 hours. During the dissolution process, the transient current de-
creases, as demonstrated in Fig. 6 (H and I). Eventually, the device
becomes disconnected with no detectable current.

The photodetectors (Fig. 6]) were fabricated using IGZO as the
active material and Cu as the metal electrodes, as schematically
illustrated in fig. S13. The photoresponse of the photodetector is
shown in Fig. 6K. At 20-V bias, the photocurrents under illumination
and in the dark are 0.48 pA and 7.2 nA, respectively. The calculated
current ratio under illumination and in the dark is ~66.7 at 20-V bias,
based on the equation R = Iiign¢/Igark Figure 6] shows the time elapse
images of the transience process of the photodetectors, and the devices
almost completely disappeared after 72 hours. Both the current in the
dark and that under illumination under the bias of 10 V decrease after
the hydrolysis starts, as illustrated in Fig. 6L.

Memory devices for future data storage purposes were also de-
monstrated. The left panel of Fig. 6M shows a 4 x 4-arrayed resistive
memory device. The device was constructed using IGZO and Cu as
the active material and metal electrodes, respectively. The detailed de-
sign of the device is shown in fig. S14 (A to C). Figure 6N shows the
measured I-V curves of the memory device before transience happened.
The device initially showed a high-resistance state. After the applica-
tion of a positive voltage (“SET” at 1.67 V), the high-resistance state
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Fig. 6. Dissolution behaviors of the active devices of the moisture-triggered transient devices. (A) Optical images showing the time-sequential dissolution of the
TFTs. The bottom frames are the magnified images. (B) Measured current-voltage (/-V) characteristics of a TFT before transience starts. (C) Measured transience of the
transfer curves of the TFT. (D) Optical images showing the time-sequential dissolution of the logic gates. The bottom frames are the magnified images. (E) Measured
voltage transfer curve and gain of the inverter before transience starts. (F) Measured transience of the output voltage of the inverter at V;,, = 0 V. (G) Optical images
showing the time-sequential dissolution of the diodes. The bottom frames are the magnified images. (H) Measured I-V curves of a diode before and after transience
starts. (I) Measured transience of the current of a diode at V = 20 V. (J) Optical images showing the time-sequential dissolution of the photodetectors. The bottom
frames are the magnified images. (K) Measured /-V curve of photodetector under UV and in the dark before transience starts. (L) Measured transience of the current of
the photodetector at V=10 V under UV and in the dark. (M) Optical images showing the time-sequential dissolution of the resistive memories. The bottom frames are
the magnified images. (N) /-V characteristics of a resistive memory before transience starts. (0) The measured transience of the current of the resistive memory at V =

1V at low-resistance state (LRS) and high-resistance state (HRS).

switched to a low-resistance state. By applying a negative voltage
(“RESET” at —3.75 V), the low-resistance state switched back to
the high-resistance state. The reliability of the IGZO memory device
was studied, as shown in fig. S14 (D and E). Before the transience
process started, the device maintained its characteristics without ob-
vious degradation after continuous sweeping for 1000 s, and stable
write-read-erase-read cycles were obtained. The time elapse images
of the transience process of the resistive memory device are shown in

Gao et al., Sci. Adv. 2017;3:e1701222 1 September 2017

Fig. 6M. The device took about 132 hours to dissolve. Once the tran-
sience process starts, the measured electrical current at both low-
resistance state and high-resistance state experiences a slow drop
in the first 24 hours and then a fast drop afterward before the device
completely malfunctions. These results on moisture-triggered tran-
sience of various electronic devices lay the solid foundation of con-
structing sophisticated integrated functional systems, including but
not limited to the one illustrated in Fig. 1.
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DISCUSSION

In conclusion, we demonstrate that polymeric substrates with novel
degradation kinetics and associated transience chemistry offer a feasi-
ble strategy for constructing physically transient electronics. Through
the manipulation of the polymer component and environmental
humidity, the progress of hydrolyzing polyanhydrides can be man-
aged, and thus, the dissolution kinetics of functional device can be
controlled. The transience time scale can be tuned from days to weeks,
and even a wider time span if needed. The moisture-triggered physi-
cally transient electronics in this work represents a novel class of tran-
sient electronics featuring controllable degradation of the polymer
substrates and functional electronics and a broadened selection of
electronic materials. With the successful demonstration of various
transient devices, ranging from passive components to active electron-
ics, and an integrated system demonstration, we expect that this
triggered transient mode can be applicable for future transient
electronic systems, which may include a combined set of integrated
circuit, sensors, data storage, signal transmission, etc.

MATERIALS AND METHODS

Synthesis of moisture-sensitive polyanhydride thin films
To prepare the polyanhydride substrates, for instance with 10% PEG
(molar ratio), 4-pentenoic anhydride (131.2 mg; 0.72 mmol), PEG dia-
crylate (20 mg; 0.08 mmol), pentaerythritol tetrakis(mercaptoacetate)
(173 mg; 0.4 mmol), and 2,2-dimethoxy-2-phenylacetophenone (3 mg;
0.012 mmol) were firstly mixed in a 5-ml vial. Then, vortex mixing
and ultrasonication were used to help dissolve all of the components.
After the bubbles were removed, the mixture solution became homo-
geneous. A syringe was used to slowly inject the mixture into a mold,
and the thickness of the film was controlled by the volume of the so-
lution. The polyanhydride thin films were obtained after polymeriza-
tion under a UV curing lamp (model 234100, Boekel Scientific Inc.)
for 5 min. Moisture-triggered degradable polyanhydride thin films
with different hydrolyzing kinetics can be obtained by varying the
contents of PEG in the precursor solutions.

Shadow mask preparation

The shadow masks were made of 25.4-um-thick polyimide film
(Kapton film, DuPont). The preparation of shadow mask began with
coating a thin layer of polydimethylsiloxane (PDMS) on a cleaned
glass slide and curing to form an adhesive layer. A piece of Kapton
film was carefully laminated onto the PDMS surface and dehydrated
at 90°C for 10 min after cleaning the film surface. Thereafter, a layer
of 500-nm-thick Cu was deposited on top of the polyimide film using
electron-beam (e-beam) evaporation, followed by patterning through
photolithography and wet etching to pattern the Cu. Reactive ion
etching [oxygen, 40 SCCM (standard cubic centimeter per minute);
power, 250 W] was performed for 8 hours to etch through the poly-
imide. The shadow mask was therefore completed and peeled off from
the PDMS adhesive. The detailed process is described in the Supple-
mentary Materials.

Cu, IGZO, and MgO thin-membrane preparation

The preparation of Cu, IGZO, and MgO thin membranes involved
direct deposition of material onto a polyanhydride substrate through
shadow masks. Cu and MgO were deposited by e-beam evaporation,
and IGZO was formed by dc sputtering (20 W; 4% of oxygen partial
pressure to argon).
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Electronic device fabrication

The fabrication of the devices involved multiple materials deposition
through shadow masks. The fabrication procedures for the Cu resistor
and antenna were the same as those for the Cu and MgO thin mem-
branes described above. The fabrication of the capacitors involved dep-
osition of Cu as the bottom electrode, MgO as the dielectric layer, and
Cu as the top electrode onto the polymer sequentially by e-beam evap-
orator through the shadow masks. The TFT's and logic gates were fab-
ricated by, firstly, depositing 30-nm-thick IGZO on the polyanhydride
substrate by dc sputtering (20 W; 4% of oxygen partial pressure to ar-
gon) through a shadow mask. Then, the Cu source and drain electrodes,
MgO gate dielectric, and Cu gate electrode were formed by e-beam
evaporation through the shadow mask. The fabrication of Schottky
diodes began with depositing IGZO by dc sputtering through a shadow
mask. Niand Al were deposited by e-beam evaporation with the shadow
masks to form the Schottky contact and the ohmic contact, respectively.
To fabricate the photodetectors, IGZO was formed by dc sputtering, and
the Cu electrode was deposited by e-beam evaporation onto the polymer
through shadow masks. The memory device fabrication involved
depositing a Cu bottom electrode by e-beam evaporation, an IGZO
active layer by dc sputtering, and a Cu top electrode by e-beam evapo-
ration through shadow masks onto the substrate directly. The detailed
fabrication procedure is described in the Supplementary Materials.

Material characterization and device measurements

A digital camera (Nikon D7100) and an optical microscope (Nikon
LV100) were used to capture the optical images of samples during
the triggered transience. The FTIR was recorded by a Vector 22 FTIR
spectrometer. The electrical characteristics of all the devices were
measured using a sourcemeter (Keithley 2400). It is noted that the
polymer substrates are very sensitive to moisture. All the polymer
substrates and fabricated transient electronics were stored in a nitrogen-
filled glove box at a relative humidity of 0%.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/9/e1701222/DC1

Synthesis scheme of the humidity-controlled degradable polymer

Preparation scheme of shadow masks

Preparation scheme of the metal and oxide membranes onto the polymer

Fabrication of the Cu resistor and antenna onto the polymer

Fabrication of the capacitor onto the polymer

Fabrication of the field-effect transistor and inverter onto the polymer

Fabrication of the Schottky diode onto the polymer

Fabrication of the UV detector onto the polymer

Fabrication of the resistive memory onto the polymer

Tuning of components in the polymer preparation

Characterization of the resistor

Characterization of the antenna

Characterization of the capacitor

Characterization of the TFT

Characterization of the inverter

Characterization of the Schottky diode

Characterization of the photodetector

Characterization of the resistive memory device

table S1. Precursors for polyanhydride films with different compositions (the calculation
depends on the PEG molar ratio in the mixture).

fig. S1. An optical image of the cross section of the polyanhydride substrate.

fig. S2. The transmittance spectrum of a moisture-sensitive polyanhydride thin film in
visible range.

fig. S3. The time-sequential measurements of the FTIR spectra of the polymer thin films during
the hydrolysis process under different relative humidity levels.

fig. S4. Optical images showing the time-sequential hydrolysis of the polymer with different
compositions of PEG from 0 to 50% at a relative humidity of 90%.
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fig. S5. Optical images showing the time-sequential hydrolysis of the polymer with different
compositions of PEG from 0 to 50% at a relative humidity of 45%.

fig. S6. Optical images showing the time-sequential hydrolysis of the polymer with different
compositions of PEG from 0 to 50% at a relative humidity of 0%.

fig. S7. Optical images showing the time-sequential hydrolysis of the polymer substrates with
different film thicknesses under different relative humidity levels.

fig. S8. Cu antenna.

fig. S9. MgO-based capacitor.

fig. S10. IGZO-based TFT.

fig. S11. Logic gate inverter.

fig. S12. IGZO-based diode.

fig. S13. IGZO-based photodetector.

fig. S14. IGZO-based resistive memory.
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