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Here we demonstrate the first on-chip silicon-integrated recharge-
able transient power source based on atomic layer deposition
(ALD) coating of vanadium oxide (VO,) into porous silicon. A stable
specific capacitance above 20 F g~ is achieved until the device is
triggered with alkaline solutions. Due to the rational design of the
active VO, coating enabled by ALD, transience occurs through a
rapid disabling step that occurs within seconds, followed by full
dissolution of all active materials within 30 minutes of the initial
trigger. This work demonstrates how engineered materials for
energy storage can provide a basis for next-generation transient
systems and highlights porous silicon as a versatile scaffold to inte-
grate transient energy storage into transient electronics.

Introduction

Transient electronics represents a class of devices where a
trigger can be used to dissolve or destroy a device and any
information it contains. The premise of a transient system is
to exhibit stable and invariant device performance until an
external trigger is applied, which can be in the form of pH,
light, temperature, or a combination of these stimuli."” The
trigger initiates a series of reactions or mechanisms in the
device that partially or fully dissolves the device, and renders
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the device inoperable in a manner that destroys the device and
any information it may contain. There are many applications
that can benefit from transient devices, ranging from infor-
mation-sensitive electronic devices to biodegradable medical
applications. Such a vast array of application areas also brings
the requirement of diverse transient properties, including time
of dissolution, controlled toxicity, and the type of external
trigger source. For example, biological or medical applications
may be more centered on toxicity of dissolution products,
whereas surveillance and spy applications require fast disable-
ment and dissolution times.

Recent efforts in the development of transient technology
have been concentrated in small electronics®™> usually cen-
tered on silicon materials, silicon based photovoltaics,’
medical energy harvesters,® bioresorbable electronics,””® and
biodegradable primary batteries.’ The first rechargeable power
source with transient behavior has been described by Fu et al.
which demonstrates a rechargeable lithium ion battery that
dissolves through a chemical cascade reaction.'® This elegant
design involves a power source packaged separately from other
electronics or systems that it powers. Building from this work,
the intersection of transient energy storage with integrated
silicon-based systems could enable facile design of integrated
silicon transient electronics and power systems.

Whereas silicon-based materials have been lauded for
energy storage capability, stable performance of silicon both in
the context of batteries and electrochemical capacitors most
often requires surface passivation, usually with carbon or a
passive oxide material."* "> This presents a challenge for tran-
sient behavior since the robust electrochemical stability of
carbon leaves it incompatible with triggers used for transience,
and incomplete passivation of the surface (that would enable
transience) has the adverse effect of compromised function of
the device prior to being triggered.'>'® However, one material
that has been recently investigated for use in batteries and
electrochemical (redox) supercapacitors is vanadium oxide,
which is active toward lithium ion intercalation through
surface reactions.'”’>® Of the methods to produce vanadium
oxide materials, atomic layer deposition (ALD) boasts advan-
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tages of controllable film thickness and uniform surface
morphology.'”*®2973! vanadium oxide has also been shown to
dissolve in basic solutions, thus making it suitable for transi-
ent applications.%3%33

Therefore, in this report, we demonstrate the first inte-
grated silicon-based on-chip energy storage system that exhi-
bits transient behavior. This builds from vanadium oxide
coated onto the interior of porous silicon that is electrochemi-
cally etched into a bulk silicon chip. By controlling the ALD
deposition profile in a transient scaffold, ultrafast deactivation
of the device occurs when exposed to an alkaline trigger solu-
tion, and full dissolution of all components occurs within
30 minutes. This identifies a general route of combining the
versatility of ALD with porous silicon transient materials to
design integrated silicon transient power storage systems.

Results and discussion

Schematic representation of the concept of an integrated
device as shown in Fig. 1 gives insight into fabrication and the
transient behavior of the fabricated device. The active energy
storage material (VO,) is deposited to play a dual role that both
(1) inhibits corrosion-based deactivation of nanoscale silicon
in electrochemical environments, and (2) provides active redox
storage as an electrochemical capacitor. This architecture is
designed so that in a triggering environment, the VO, will dis-
solve and expose the unstable porous silicon material to cor-
rosive conditions that dissolve and remove all materials except
the bulk silicon. However, in the electrolyte environment, the
VO,/porous silicon system will exhibit stable, invariant per-
formance. Here, porous silicon plays a role of a tunable, high
surface area transient template for the coating of active
material, and can be integrated directly into bulk silicon
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materials using standard semiconductor processing techno-
logy. This means that this material can be processed into the
backside of silicon electronics, or even coupled with other
silicon-based transient electronics, which is schematically
illustrated in Fig. 1. A gel based PVA/0.5 M LiClO, electrolyte
(ESIt) was used as an electrolyte to couple VO, coated porous
silicon transient devices. Additionally, for this system to be
fully transient, a polyethylene oxide (PEO) based separator
(ESIt), which dissolves in the aqueous trigger media, was
used. This leads to a device that can be a functional energy
storage material until an external trigger (1 M NaOH) disables
and disintegrates the device.

A key aspect of this transient device design is the ALD depo-
sition of VO, materials.>*** To accomplish this, we utilized
sequential pulses of VO(OC3H5); and H,O with 2 second resi-
dence times. Due to the diffusion-limited growth of ALD coat-
ings on the interior of high aspect ratio nanoporous materials,
longer residence times are required for uniform coatings.*®
However, to design a material with optimized transient per-
formance, we reverted to shorter residence times which yield a
thickness gradient from top of the porous material to the
bottom. Thickness of the films was measured based on ellipso-
metry of films coated on planar silicon surfaces (ESIt) and
penetration of the VO, coatings was confirmed based on scan-
ning electron microscopy (SEM) characterization. Full details
of the ALD chemistry and experimental parameters are
detailed in the ESI.¥ Uncoated porous silicon with 5 pum deep
pores is shown in Fig. 2a. VO, deposition on the porous silicon
for 100 and 400 ALD cycles and the resulting pore morphology
is shown in Fig. 2b and c, respectively. The total areal mass
loading of vanadium oxide in these composites is 0.057 mg
em 2 and 0.229 mg cm ™2 for 100 and 400 ALD cycles, respecti-
vely. Evidence of a thicker VO, coating is visually apparent in
the case of 400 ALD cycles when compared to 100 ALD cycles,

Fig. 1 Schematic representation demonstrating the integration of transient energy storage into silicon-based (transient or non-transient) elec-
tronics. Triggering the system with 1 M NaOH aqueous solution leads to near-immediate disablement of the device, and full dissolution within

30 minutes.
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(A—C) SEM images of uncoated and coated porous silicon: (A) uncoated porous silicon, (B) 100 ALD cycles (6 nm) of VO, ALD coated on

porous silicon, and (C) 400 ALD cycles (19 nm) of VO, ALD coated on porous silicon. (D—E) Cross sectional EDX maps of VO, coated porous silicon
showing: (D) silicon and (E) vanadium down the cross-section of the porous silicon. (F) Scheme showing how the thinner coating at the porous

silicon base leads to ultrafast disablement.

noting that the underlying porous silicon template is identical
between Fig. 2a-c. Energy dispersive X-ray (EDS) on the cross-
section of the porous silicon was performed, and line profiles
corresponding to EDS scans are shown in Fig. 2d and e. Based
on EDS analysis, relative weight and atomic percentages of
vanadium and oxygen are 64% vanadium and 36% oxygen
(weight) and 36% and 64% (atomic), respectively. To further
analyze the state of the VO, material, we annealed ALD
deposited VO, in air at 450 °C for 1 hour and characterized the
material using Raman spectroscopy (see ESIT) before and after
annealing. Due to the highly Raman active modes of crystal-
line vanadium oxide, Raman analysis demonstrates the tran-
sition from a non-crystalline or amorphous state of vanadium
oxide to crystalline V,0;.>> We therefore associate the ALD
material to a non-stoichiometric and non-crystalline form of

7386 | Nanoscale, 2016, 8, 7384-7390

vanadium oxide which we label as VO,. Notably, a greater con-
centration of VO, is observed at the top of the porous silicon
material, and this slightly decreases near the base of the
porous silicon. Whereas this effect is due to diffusion-limited
ALD growth that can be improved with higher vapor pressure
precursors, longer residence times, or higher temperatures,
such asymmetric thickness profiles bring a distinct benefit to
the function of a transient device. In this design, the thin
coating of the VO, active material near the base of the porous
silicon will dissolve away more rapidly than the thicker coating
near the top of the material, (Fig. 2f) and this will in-turn
expose the base of the porous silicon - which is highly reactive
in aqueous basic solutions. This causes the rapid detachment
of the active material from the base (within seconds), which
deactivates the energy storage function of the material. There-
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fore, transience occurs through a two-step process with rapid
deactivation on the timescale of a few seconds, and eventual
full dissolution on longer scales of minutes. To explicitly
demonstrate this mechanism, we produced a control sample
where the residence time was increased, leading to a uniform
VO, coating in the porous silicon. This system exhibited no
rapid deactivation and a 4x longer transience time than the
gradient coated samples (Fig. S4 and S5t). Notably, this high-
lights the principle that engineered coating processes can
enable wide versatility in the utility of transient functions in
energy storage systems.

Electrochemical measurements were carried out to assess
the energy storage capability of these transient devices. This
device was tested in a symmetric two-electrode configuration
to assess the storage capability of the VO,, as three-electrode
measurements can over exaggerate the measured results.**?”
As the focus of this work is a transient, integrated energy
storage platform, further development asymmetric designs can
build upon the same general approach and enable a tunable
range of operating voltages relative to that measured for VO,.
To characterize the electrochemical performance of these
devices, we compared the same ALD parameters using 300,
400, and 500 ALD cycles, which corresponds to ~15, 19, and
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24 nm thick coatings based on extrapolated from ellipsometry
analysis (ESIf). Cyclic voltammograms (CV) taken at
100 mV s~! and galvanostatic charge-discharge curves taken at
0.1 mA cm™? corresponding to VO, coated onto porous silicon
templates at these three thicknesses are shown in Fig. 3a and
b. Analysis of both CV and charge-discharge curves empha-
sizes that a 19 nm thick VO, layer corresponding to 400 ALD
cycles exhibits the most fully developed stable redox peaks cen-
tered around 0 V which is expected for faradaic redox capaci-
tors in symmetric two-electrode configurations. Compared to
other thicknesses, this coating thickness also minimizes the
resistance polarization in the device that is attributed to power
loss on fast charge cycling. This coating thickness also leads to
the highest total measured capacitance based on galvanostatic
measurements. As the electrolyte used in this system is PVA/
LiClO,, the redox behavior of VO, arises from the near-surface
redox intercalation of Li" represented by:

xLit +yVO, + €™ « Lix(VO,)y (1)

Two key variables represent the total energy storage capa-
bility of these materials: (1) the total mass of VO, coated onto
porous silicon that is optimized with thick coatings, and (2)
the ability for the electrolyte to penetrate into the pore struc-
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Fig. 3 (A) Cyclic voltammograms (100 mV s™%) of VO, coated porous silicon at different coating thicknesses compared to uncoated porous silicon
reference, (B) galvanostatic charge—discharge curves showing the 5% cycle for each coating thickness, and (C) galvanostatic rate study showing dis-
charge performance as a function of discharge current, and (D) voltammetric cycling performance for transient energy storage device with 19 nm

VO, coating on porous silicon.
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ture that is inhibited when thick coatings are applied. For the
sample with 400 ALD cycles, specific capacitance based on
charge-discharge curves is measured as ~21 F g~'. Whereas
this specific capacitance is lower than that achieved using
materials such as RuO, or Ni(OH),, the VO, provides a distinct
medium between transient behavior, the surface passivation
role for electrochemical use of porous silicon, and a versatile
ALD chemistry that can enable the ultrafast transience on
silicon templates. These thickness studies hence establish an
optimized VO, thickness for this system near ~19 nm, and less
than 24 nm. Charge-discharge tests at various current den-
sities were performed on the devices with 19 nm VO, coatings.
The discharge curves at various current densities (Fig. 3¢) indi-
cate stable near-surface redox intercalation reactions rep-
resented by the plateau region. Increasing current densities
decreases the plateau region corresponding to decreased charge
storage which is a result of the nature of these coated 3D
porous electrodes. At higher rates, not all redox active VO, sites
on the 3D porous silicon structure are accessed resulting in
decreased charge storage. The VO, coatings on the porous
silicon substrate were optimally chosen to achieve good transi-
ence as well as respectable electrochemical performance for
integrated applications. Durability measurements were per-
formed on devices prepared with the optimal coating thickness
(Fig. 3d) for over 100 CV cycles, showing stable cycling behavior.
Based on the electrochemical tests, 19 nm thick VO, coated
porous silicon was used to demonstrate the transient behavior
of the device. Electrochemical Impedance Spectroscopy (EIS)
measurements were further performed in a symmetric two elec-
trode setup with 19 nm VO, coatings and the results indicate
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low equivalent series resistance and charge transfer resistance
indicating stable charge storage capability (see ESIT).
Demonstration of the transient behavior of the VO, based
porous silicon system (Fig. 4) highlights the potential appli-
cation of integrated transient energy storage using this tech-
nique. Transient behavior triggered by an alkaline solution
(1 M NaOH) disables the VO,-porous silicon electrode in less
than 5 seconds due to the electrode design discussed in Fig. 2.
This is in part due to the reactive nature of porous silicon in the
triggering solution, with the full (uncoated) porous silicon
material dissolution occurring in well under 1 min (Fig. 4a).
Coating the porous silicon surface with VO, enables surface
passivation in the electrolyte environment, but rapid dissolution
of the full material when exposed to the trigger solution. The
VO, gradient that results in a thinner coating near the bottom
of the porous material results in faster dissolution of this
bottom section of the material, causing deactivation to occur
within 5 seconds due to detachment of this material. Such ultra-
fast triggering can be highly beneficial for applications requir-
ing immediate transience. A video of this ultrafast deactivation
and eventual dissolution is included in the ESI.{ Following the
dissolution of the porous silicon/bulk silicon interface, the VO,
coated layer was observed to fully dissolve in around
30 minutes. In a full device, the penetration of the trigger solu-
tion into the device happens due to the initial swelling of the
gel electrolyte. The transient behavior of the PEO/LiClO, separa-
tor is given in Fig. 4c. The polymer separator dissolves within
30 minutes following the initial swelling in the trigger solution.
Whereas a 1 M NaOH (pH = 13) triggering solution ensures
rapid dissolution, certain applications of transient electronics

Fig. 4 Transient dissolution of device components including (A) uncoated porous silicon (control), (B) 19 nm VO, gradient coating on porous
silicon with bulk silicon substrate (left behind after 30 min), and (C) PEO/LiClO,4 separator. Dissolution tests with uniformly coated VO, (ESI}) support
the mechanism of the gradient coating in rapid deactivation of the energy storage material that is illustrated in these dissolution studies.

7388 | Nanoscale, 2016, 8, 7384-7390
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require low toxicity trigger solutions. We have therefore
included dissolution tests of 0.1 M (pH = 11) and 0.01 M
(pH = 9) NaOH solutions (see ESIt), which show similar rapid
transient deactivation except with longer time to achieve full
dissolution. Such transient systems may also be ideally suited to
operate in ambient humid conditions since the transient VO,/
porous silicon electrode itself is stable in such conditions.
Whereas this effort so far demonstrates the transience of
VO,/porous silicon electrodes, we further performed experi-
ments to demonstrate the direct integration of transient
energy storage into microelectronic systems. To accomplish
this, we used a commercially obtained integrated silicon
microchip made with copper processing. To produce a fully
integrated transient energy storage electrode, we etched
porous silicon into the backside of the microchip, and coated
the porous silicon with 19 nm VO, in a similar manner as
described previously (Fig. 5A and B). This leads to a configur-
ation where the energy stored in the backside of the microchip
can power the front-side components, and operation of the
total system can be systematically deactivated based on the
transient energy storage material. To demonstrate transient
behavior of the integrated electrode, it was exposed to identical
triggering environments (1 M NaOH) and after 30 minutes,
full dissolution of VO,/porous silicon active material was
observed. This demonstrates integration of transient energy
storage with silicon electronics for the first time. In addition
to fully transient systems, this also provides a route toward

Top Side: Integrated Circuit
A B

Trigger +
30 minutes

Backside: Integrated Transient
Energy Storage

Fig. 5 Transient behavior of an integrated circuit microchip where the
backside is directly etched and coated with VO, to provide on-board
integrated storage. (A) Front side image of the integrated circuit micro-
chip, (B) SEM image showing the interface between the silicon material
in the microchip and the on-board transient energy storage material,
and (C) image showing the backside of the microchip before and after
triggering, where the transient energy storage material is visually fully
dissolved. This opens a new class of transient electronics where on-
board transient power sources that power integrated electronics can
enable transient operation even when the electronic components them-
selves do not exhibit transience.

This journal is © The Royal Society of Chemistry 2016
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integrated transient electronics where the electronic com-
ponents by themselves may not be transient, but their elec-
tronic function can be disabled by the transient behavior of
the integrated power source.

Overall, whereas we highlight this route for VO, coated onto
porous silicon, we emphasize that porous silicon is a universal
template for transient energy storage. The ability to coat other
metal oxides or nitrides that exhibit energy storage capability
into the interior of transient porous silicon materials opens a
full design space to engineer new transient systems for elec-
tronics, biomedical applications, or defense applications. This
builds on the principle that any system that is designed to dis-
solve or disappear when triggered still requires a power source
to facilitate operation prior to triggering — with the most elegant
design being an integrated and fully transient power system.
Here we demonstrate the first such integrated power source into
silicon materials, with promise to diverse transient applications.

Conclusions

In summary, we demonstrate the first design for a transient
energy storage electrode material that is integrated seamlessly
into silicon material that can dually function for either transient
or non-transient silicon-based electronics. By combining the
native transient properties of porous silicon with the controlled
gradient coatings of active materials using atomic layer depo-
sition, our work highlights the capability to achieve stable
energy storage (>20 F g~') until a trigger is applied, which de-
activates the energy storage function in a matter of seconds,
with full dissolution occurring within 30 minutes. We demon-
strate this specifically for vanadium oxide (VO,) coated onto
porous silicon, where the VO, plays a role to protect the reactive
porous silicon and provide active redox storage until a trigger is
applied, which dissolves both the porous silicon and the VO,
materials. We further explicitly demonstrate the integration of
transient energy storage using this approach into the backside
of a silicon integrated circuit, emphasizing the simplicity in
transitioning this approach to integrated applications. As
silicon is a benchmark material for evolving efforts in transient
electronics, this technique is generalizable to a wide range of
different coatings that can be coupled with porous silicon using
ALD for stable performance and triggered transience. In the cir-
cumstance that not all components in a circuit may be transi-
ent, the utility of a transient power source is that all on-board
components being powered will ultimately be disabled in
concert with the integrated power system - a feat that we show
can be achieved in a matter of seconds using this design.
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