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Abstract

Stretchable thin films have facilitated the developments in the field of flexible and stretchable
electronics such as deformable sensors, displays, memories and energy devices which have received
significant attention due to their potential use in smart wearable devices. Potential candidates for
stretchable materials include polymer-based elastomers and their composites with functional fillers but
they intrinsically suffer from low electrical properties. Compared to large plastic deformations observed
in elastomeric organic materials, inorganic semiconductors have low plasticity (< 0.2%) due to their
unique bonding properties which restrict applications in stretchable electronics. a-Ag2S bulk crystals,
a member of the metal chalcogenide, is considered as a promising candidate to produce deformable
semiconductor layers in flexible and stretchable electronics due to its outstanding mechanical and
electrical properties. An extremely low slippage energy and high cleavage energy between the crystal
planes of a-Ag2S bulk crystals exhibit both semiconducting behavior and ductility similar to metals.
Such unusual characteristics have abundant potential for energy and electronic applications. Although
several studies reported the use of Ag.S bulk ingots in energy devices, the fabrication of Ag,S thin films
based stretchable electronics have never been realized due to highly complicated synthetic procedures.
Typical procedures for producing a-Ag.S crystals require energy intensive process, such as SPS
sintering method and complicated deposition equipment set-up, limiting both the available substrates
and processing temperatures for the fabrication of flexible and stretchable electronics.

The solution process of metal chalcogenides thin films has been of great interest since it provides the
ability to fabricate high quality and scalable thin films in a low-cost manner. Recent discoveries of
alkahest solvent, a mixture of amine and thiol solutions allowed soluble inorganic to be utilized as ink
processing for thin films. Furthermore, the metal chalcogenide inks can achieve highly crystalline and
uniform thin films using a simple solution process and a subsequent heat treatment.

I herein report solution-process synthesis of ductile a-Ag,S thin films and the manufacturing process
of all inorganic, self-powered and stretchable memory devices. The molecular Ag>S complex solution
was synthesized by chemical reduction of bulk Ag,S powder to produce a wafer-scale, highly crystalline
AgsS thin film. Thin films exhibit elasticity through inherent ductility and maintain structural integrity
with 14.9 % tensile strain. In addition, Ag,S-based resistive memory manufactured has excellent bipolar
switching characteristics (Ion/Ior ratio of ~10°, operational endurance of 100 cycles, and retention time
> 10°s) and excellent mechanical elasticity (no degradation to elasticity). On the other hand, the device
is very durable in a variety of chemical environments and temperatures between -196 and 300 °C,
especially at 85% relative humidity and 85 °C for 168 hours. Finally, I demonstrate self-powered
memory device combined with motion sensors for a wearable health monitoring system, which
potentially offers to design high-performance wearable electronics for everyday use in real-world

environments.
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Chapter 1. Introduction

1.1 Solution-processed metal chalcogenide semiconductor

1.1.1 Hydrazine chemistry based on dimensional reduction

Inorganic compounds offer the possibility for excellent electrical properties compared to the
organic systems. The properties of inorganic materials make them excellent electronic devices, but they
have strong covalent bonds decrease the solubility. In 2009, Mitzi et al. proposed “Dimensional
reduction” to improve the solubility of the metal chalcogenide semiconductors. Soluble precursor is a
solution-processed and thermally decomposed to form a high-quality of thin film formation desired
semiconductor.

Dimension reduction trading is a system where the binary solid MX,, called a parent compound is
reacted with an n-equivalent dimensional reduction agent to form A,X a ternary child of A,.MX;+,.
Anion X may be the bridge or terminal ligand role for the metal center M. The metal equivalents added
are incorporated into the M-X framework. ( MXx + nA,X 2 AnaMXxin ) A Charge-balanced counterion
A do not form a much more electropositive and powerful covalent bond than M. As shown in Figure
1.1a, this figure shows the gradual decomposition of the M X3 framework, including the MXs octahedron
linked in three dimensions through a shared corner. The first is the anion equivalent of A,X built to
connect the cutting directly into the M-X-M bridge. The resulting compound A.MX4 denotes a two-
dimensional octahedron sheet having a common angle, as shown in Figure 1.1b, where the counterion
A represents between layers. Additional equivalents of A,X have left a one-dimensional chain of

octahedra shared corners, as shown in Figure 1.1c. cuts the bridge along the other direction. The third

is the equivalent discrete octahedra [MX¢]” do not have ions M—X-M bridge as shown in Figure 1.1d.

It is called saturated compounds of this last type. "Dimensional reduction" terms come to the
consideration that includes a single A,X equivalent to reducing the number of dimensions in system
theory is applied by one. It has a highly integrated electropositive cations known that before reducing

the size of the metal chalcogenides, the one predicted to reduce the dimensions of such system.!
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Figure 1.1. Schematic illustration of dimensional reduction of tridimensional corner-sharing MXe

octahedron. Reproduced from Ref. 1.

The thin-film production process using “dimensional reduction” requires several steps, as shown in
Figure 1.2. First, the expanded metal chalcogenide framework in the solution decomposes into
individual metal chalcogenide anions. A metal chalcogenide precursor can be isolated. Next step
includes deposition of the solution precursor on the substrate to form a solid precursor film. Generally,
the spin-coating process widely uses for film deposition. The last step is heated and decomposed the

precursor film to leave the targeted metal chalcogenide film.2

a b C
dimensional X X solution process i
reduction x Eﬂ x x film R
N N

L N

é o g
X X apply heat N

X E X E X AW

X = small volatile cation

Figure 1.2. Schematic illustration of film formation using a dimensional reduction. Reproduced from

Ref. 2.



The simple approach to directly improve the solubility of various metal chalcogenide such as CulnSe,,
SnSe; «Sx, GeSey, Sh,Ses, GeS,, Cu.S, ShoTes, In.Ses, Cu(In,Ga)Se, «Sx, and Ga,Ses.*° Additional
chalcogen added to hydrazine promotes the breakdown the M—X—M bond, as in the example of the
reduced dimensions promote the destruction of the metal chalcogenide frame. Therefore, hydrazine
separates easily from the precursor at low temperatures. The hydrazine is a powerful reducing agent,
and it has a similar melting temperature and boiling temperature like water (1.4 °C and 113.5 °C
respectively). Moreover, the absence of carbon and oxygen in precursors in solvents means that the
clean membrane deposited after the heat treatment is possible. However, hydrazine is to be used together
suitable protective measures to avoid contact with the toxic, explosive, and carcinogenic property of

hydrazine have limited their extensive use.

1.1.2 Alkahest solvent systems

In the previous section, I briefly introduced hydrazine-based chemistry. Unfortunately, hydrazine is
an impractical way to extend the application because of its high toxicity and highly explosive. To solve
this issue, Brutchey et al. propose how simple dissolution in bulk metal chalcogenide can be
advantageous for solution-processed thin films. These alkahest solvent mixtures were dissolved in a
wide range of bulk materials, and the risk is low, which can have sufficient volatility for the solution
treatment. ' Vineyard et al. reported the bulk sulfur dissolution mechanism with thiol/amine mixtures.
With an amine-catalyzed reaction, as shown in Figure 1.3. has been proposed to produce alkyl di, tri,
and tetra-sulfide. In this reaction, the amine is deprotonated thiol generated nucleophilic thiolate forms.
A mixture of the bulk sulfur reacts with the alkyl hydrogen polyester to form a sulfide chain following

thiolate smaller polysulfide product to react with molecules and repeated.'?

+

8§~ 6
(1) RSH + B: ==[RS-:H---B] == RS BH*

&= st /S\
Sr S
[RS:--H---B] OF 2 _
2 or + S S — RSSSSSSSSS™ BH*

RS BH* “ &
S .8
RSH
\ /
RS¢H + RS” BH*

(8) RSgH + RS BH* —RS,R + HS" BH*
n=2-9

(4) mRSR+2z[RS BH'] — yRS,R + zH,S + 2z B:
x=2,3,0r4

for example, when n=4, x=3,thenm=2,z=1,and y=3

Figure 1.3. The scheme of proposed dissolution mechanism of bulk sulfur by base-catalyzed thiol-

sulfur reaction. Reproduced from Ref. 13.



In 2013, Brutchey et al. first reported a binary solvent mixture of ethanedithiol (EDT) and
ethylenediamine (en) nine bulk V,VI; chalcogenide materials (V=As, Sb, Bi and VI = S, Se, Te),
elemental chalcogens (Se, Te), and ten metal oxides (Cu20, ZnO, GeOz, As203, Ag20, CdO, SnO,
Sb203, PbO, and Bi203) dissolved at room temperature. As shown in Figure 1.4., all the inks are
optically transparent. This alkahest solvents provide stable inks and regenerate crystalline chalcogenide

thin films through solution deposition processes such as spin coating and heat treatment process. >

ICUO ZnO GeO, As,0, Ag,0

»

v——4 b__4 vm. — P

CdO SnO S8b,0, PbO  Bi,O,

L L T

= '.._-JH | S L1

Sb>Ss

Figure 1.4. The photographs of the solutions of a) chalcogens !4, b) metal chalcogenides ! and c)

metal oxide materials '°

Using Thermogravimetric analysis (TGA) was determined the temperature for solid inorganic phase
recovery. All V,VI; chalcogenide solutions indicated the thermal decomposition at 300 °C to 350 °C as
shown in Figure 1.5a. For example, at 300 °C corresponding Bi,S3 solution to decompose the dry solid
organic species show a multi-step weight loss of 31% at 325 °C. To support this hypothesis, the Bi,S3
and Sb,Ses solution was drop-cast on IR-transparent substrate, dried at 100 °C. The FT-IR spectra
corresponding to the other bands v(C-H) and v(N-H) stretches at 3300-2800 c¢cm™. If removing the
organic species, as the temperature of 350 °C proven to complete loss of stretches v(C-H) and v(N-H)
(Figure 1.5b and c). Both Bi,S3; and Sb.Se; thin films showed a uniform and high-quality crystalline

realized by scanning electron microscope (SEM) in Figure 1.5d and e.
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Figure 1.5. a) TGA analysis of the solid precursors Sb2Ses and Bi,S3 in alkahest solvent. The FT-IR
spectra of the dried b) Sb,Ses and ¢) Bi,S; films were subsequently heat-treated at 1) 100 °C and ii)
350 °C. Cross-sectional SEM images of d) Sb.Se; and e) Bi»S; thin films fabricated by spin-cast.
Reproduced from Ref. 11

Thus, the alkahest solvent system, the metal chalcogenides synthesized by the alkahest solvent
system, is a highly crystalline thin film using a simple solution process and subsequent heat treatment.
Demonstrated the usefulness of the alkahest solvent as a powerful tool for application such as

Photovoltaic devices'®, electrocatalysts!’, flexible photodetectors'®, and thermoelectrics®®.

1.2 Non-volatile memory

1.2.1 Introduction

In the high-tech age, electronic memory is essential to enable new applications. In the memory
hierarchy, it is divided into volatile and nonvolatile memory. A volatile memory system for storing the
state requires a power source, and a non-volatile memory system can memorize the state without power.
Non-volatile memory technology of Si-based electronic devices dating return to the 1990s. Field-Effect
Transistor (FET) was one of the most promising devices to replace the then existing flash memory in
the face of physical scaling limit. Three major functional components of today's memory components
are density, non-volatile, and speed. This is because, in the Internet of Things (IoT) era, appliances are
such as ultra-low power consumption, low-cost design, high-density, high reliability, long data storage
capabilities, and data data-driven applications with new requirements. Unfortunately, DRAM and
NAND Flash do not meet all the three major elements. DRAM has fast but non-volatile. After three
attributes to develop new memory with all memory/storage systems while greatly increasing its

5



efficiency, it can significantly reduce energy consumption. The goal is to develop new memory for
universal memory with all of these characteristics. For decades to develop new memory such as
magnetic random-access memory (MRAM), spin-transfer torque magnetic random-access memory
(STT-MRAM), ferroelectric random-access memory (FeRAM), phase-change memory (PCM), and
resistive random-access memory (RRAM). These are non-volatile data memories is a new technology
that stores more data at a lower cost than silicon chips, leading to a potential future alternative to
traditional memory of future computing systems. This chapter also looks at the RRAM (resistive

random-access memory) device using materials, the switching mode, and the switching mechanism.

1.2.2 Magnetic Random Access Memory (MRAM)

STT-MRAM is a form of non-volatile memory that stores data in magnetic domains. The basic cell
structure of STT-MRAM is shown in Figure 1.6. The STT-MRAM is a magnetic memory to take
advantage of the fundamental platform built by MRAM’s memory to enable scalable non-volatile
memory solutions for advanced process nodes.”® MRAM stores data in accordance with the
magnetization direction of each bit, and nano magnetic fields are set a bit of the existing MRAM.
Although the write speed is known to be very fast compared to PRAM and RRAM, it has not reached
full-scale commercialization due to low resistance, small sensing signals, still large switching currents,
and lack of reliability of non-volatile characteristics.?! Current memory technologies such as NAND

Flash and DRAM have practical advantages, and MRAM has played a niche role in the market.

Free Laver
Tunnel Laver
Pinned Layer

ANJT

Transistor

Figure 1.6. The basic structure of STT-MRAM cell.

1.2.3 Ferroelectric Random Access Memory (FERAM)

FeRAM is a non-volatile RAM that combines fast read and writes access to the DRAM cells consists
of a capacitor and a transistor structure, as shown in Figure 1.7. The transistor will have access to the
cell to sense the state of the ferroelectric capacitor dielectric. The polarization properties of the

ferroelectric material is used as a memory devices. Today’s FeRAM is a consideration for using
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materials such as lead zirconate titanate (PZT). FeRAM can replace the growth that provides the same
functionality as flash memory. FERAM has low power consumption, fast write/erase speed, and high
endurance (10'° — 10 cycles). The one drawback of the FERAM read process is destructive and needs
to post-read write architecture. The read method includes writing a bit in each cell.?> When the cell’s
state changes, it detects a small current pulse by indicating that the cell in the OFF state. However,

FeRAM has the following requirements because fast memory that can withstand high endurance cycles.

a b
l ~
Ferroelectric

c s Tl soresors
) _of a ferroslectrics

1ate @
» Electric

field
(o ]

Figure 1.7. a) The basic structure of FERAM cell. b) The crystal structure of ferroelectric materials. c)

Electric polarization-electric field hysteresis curves.

1.2.4 Phase-change Random Access Memory (PRAM)

The materials of this memory are as chalcogenide glass is heated in a low-resistance crystal phases
change to high resistance amorphous phases. PRAM, also known as chalcogenide RAM, can exist in
two different phase states (crystal and amorphous phase), a type of non-volatile RAM.?*?* The basic
PRAM cell structure is shown in Figure 1.8. Most of the phase-change material includes one or more
elements of a chalcogenide material in periodic table group 6 to create a memory device. PRAM can be
turned on or off a current that represents the digital high and low states. This process takes tens of
nanoseconds.?® Write speed is 10 to 20 times slower than the problem one hundred times faster than
DRAM Flash approximately 1us. Thanks to the short time, write, and delete PCM is a several times
faster than conventional flash memory and uses low power consumption. PCM has the potential to
provide high-speed, high-density, non-volatile storage with unprecedented economies of scale. PRAM

is also known as a complete RAM because it can be overwritten without erasing the data first.
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Figure 1.8. The basic structure of PRAM cell.

1.3 Resistive Random Access Memory (RRAM)
1.3.1 The structure of RRAM

Resistive switching memory of RRAM is usually composed of an insulating or resistive material ‘I’
sandwiched between an M-I-M structure, electron conductor ‘M’. The material of ‘I’ is typically a metal

oxide or chalcogenides represents the first ionic conductivity' as shown in Figure 1.9.

a b
? Voltage Top Elecirods

Top Electrode
&
[
o]
€ Metal Oxide Conducting
g — Filament
=

Bottom Electrode

J— Bottom Elecirode

Figure 1.9. a) The structure of metal-insulator-metal RRAM. b) Cross-section view of RRAM.
Reproduced from Ref. 26

1.3.2 Resistance Switching Modes

According to the polarity of the applied voltage, RRAM can be classified into two switching modes,
1) unipolar switching and 2) bipolar switching. 2 Unipolar switching is polarity independent. As shown
in Figure 1.10a. Polarity is the same but can occur if different switching voltage magnitude. Unipolar
switching to interpret the joule heating by the physical mechanism is conductive filament breaks during
the reset operation. On the other hand, in bipolar switching in the switching process (set and reset) will

8



return in the RRAM cell to the opposite polarity to HRS as shown in Figure 1.10b. Applying a
compliance current to the RRAM device ensures that the dielectric is not permanently destroyed during

the RRAM formation/hardening process.

RESET

Compliance [~ ——— -
HRS

HRS

Current
I
Ia)
o
3
T
=
— ]
8
Current
I
|

" LRS

Voltage Voltage

Figure 1.10. The I-V curve for RRAM. a) unipolar and b) bipolar switching. Compliance current is
adopted during the SET process to prevent breakdown. Reproduced from Ref. 26.

1.3.3 Materials of RRAM

RRAM devices are typically configured as a storage layer and sandwiched between two electrodes.
Therefore, materials related to the RRAM are described separately below, for this can be classified as
storage (Insulator) and electrode materials (Metal).

The RRAM properties have been observed in some insulators and semiconductors, such as metal
oxide and chalcogenide materials. The resistance change occurs under the electric field. Some insulator
was observed applying an electric field is applied to the resistance change occurs. This change in
resistance characteristics has been investigated recently for the development of future non-volatile
memories.?’ It has been observed in various oxides, such as HfO,*%, TiOx*, TaOs*°, NiO*!, ZnO3?,
Zn,TiOs*, MnO,**, MgO**, and AlO*® has been studied. These metal oxides are generally deposited by
pulsed laser deposition (PLD), atomic layer deposition (ALD), and reactive sputtering. However, ALD
is a widely preferred method because it can accurately control the thickness and uniformity of thin films.

The electrode material is important because it serves as a carrier transmission path. In RRAM,
electrode material has a significant effect on the switching behavior of the device. The commonly used
electrodes are Ag*?, AI’S, Ti*’, Cu’®, graphene®®, carbon nanotubes*, W*!, and Pt*>. Filament formation
of the memory cells is occurred by subsequent deposition or reduction, a cation (Cu’ or Ag") movement,
and the subsequent deposition of the inert or reducing the bottom metal electrodes (most commonly Ag
or Cu).” Therefore, RRAM is controlled by the formation and annihilation of resistive switching metal

filaments.



1.3.4  Switching mechanism

The switching mechanism of RRAM cells is based on the growth of the dielectric or semiconducting
inside conductive filaments (CFs). The conductive filaments have a very small diameter in the order of
nanometers scale for connecting the upper and lower electrodes of the memory. The filaments with the
high resistance state (HRS) were generated when separated by a gap between the electrodes connected
to the conductive filament is applied to the low resistance state (LRS).* The RRAM can be classified
into two categories. First, also known as Conductive bridge random access memory (CBRAM), is an
electrochemical metallization memory (ECM). CBRAM 1is based on movement and subsequent
redox(reduction and oxidation) reactions of metal ions,***® A general mechanism of ECM is shown in
Figure 1.11. The other is Balance Change Memory (VCM), also known as oxygen defect filament-
based RRAM (OxRRAM). VCM is based on a rearrangement of the oxygen ions and subsequent
movement of the oxygen vacancies defects, enabling the forming of a conductive filament between the

upper electrode and the lower electrode.*’

lo)

Current [pA]

o e
Als
!

| |
0 0.2 04 0.6
Voltage [V

Figure 1.11. The electrochemical metallization memory (ECM) SET and RESET operations step of
the cell. Reproduced from Ref. 46.
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A)
B)

C)
D)

E)

Initial high-resistance state (HRS)

Anodic dissolution of metallic material (M) to the reaction, where M* represents the metal
cations in the solid electrolyte thin film.

M > M*" + ze’

Movement of the metal cations (M*") to inert electrode driven by the electric field.
Reduction of metal cations (M*"), the cell retains the low-resistance state (LRS).

M*" +ze > M

Dissolution of the metal filament to initial high-resistance state (HRS).
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Chapter 2. Solution-processed stretchable Ag;S semiconductor thin films

for wearable self-powered nonvolatile memory

(Parts of this chapter was published in the article, “Solution-processed stretchable Ag,S semiconductor
thin films for wearable self-powered nonvolatile memory” and reproduced with permission from Adv.

Mater. 2021, 2100066.)

2.1 Introduction

Flexible and stretchable electronics, including deformable sensors, displays, memories, and energy
devices, have gained significant attention because they can be used for smart wearable devices that
collect and store personal, physiological information for medical and healthcare monitoring.”” The
development of these advanced electronics is mostly dependent on the development and discovery of
materials with desirable electrical and mechanical properties. Recently, significant progress has been
made in the development of stretchable insulators and conductors, including polymeric dielectrics,
metal nanowire, and conjugate polymer composites.®? However, finding stretchable semiconductors
candidates with appropriate bandgap and related electrical performance as well as mechanical and
environmental durability was challenging.**!* For instance, conventional inorganic semiconductors
held in ionic bonds or covalent bonds are intrinsically brittle and showing only the strain of about 0.1
to 0.2%," resulting in accumulated fatigue and mechanical cracks, while organic semiconductors are
vulnerable to humidity, chemical and thermal stresses, and their inferior electrical properties.82!

Therefore, the criteria for the future deformable semiconductor devices cannot fulfil.

Recently, a-Ag.S bulk crystals is considered a promising candidate for the production of deformable
semiconductor layers in flexible and stretchable electronics due to its owing to their special electrical
and mechanical properties.?>® a-Ag,S bulk crystals exhibit both semiconducting behavior and intrinsic
ductility, similar to metals, resulting from unique crystallographic characteristics such as very low
slippage energy and high cleavage energy between the crystal planes.?? These unusual properties of a-
Ag>S compounds are strongly related to their chemical bonding, such as the Ag—S octagon frameworks,
which inhibits randomly distributed Ag—Ag metallic bonding and suppress crystal cleavage.? These are
in stark contrast to the brittleness observed in conventional inorganic semiconductors consisting of
covalent or ionic bonds, which typically cause repulsion at the cleavage planes.?? However, despite its
great potential, the practical applications of this compound remains very early stages. Although recent
several studies reported the use of Ag.S bulk ingots in energy devices, but due to limited synthesis
procedures, Ag.S thin films-based stretchable electronics have never been realized. The typical

synthetic procedures for producing a-Ag,S crystals require harsh processing conditions, such as
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temperatures above 500 °C or complicated deposition equipment set-up,?22? limiting both the
available substrates and processing temperatures for the fabrication of flexible and stretchable

electronics.

Resistive random access memory (RRAM) has been considered the next-generation nonvolatile
memory device because it demonstrates a high operation speed, low power consumption, improved
reliability of program/erase cycle, and scalability.®%-3¥I In addition, the resistive switching effect of the
RRAM cells mainly results from the reversible formation and annihilation of conductive channels in
the active semiconductor layer of a metal-semiconductor-metal device structure.®**” Metal oxides and
chalcogenides compounds, such as TiOx, MoS;, WOx and Cu.S, were comhave been used as
semiconductor layers in RRAM devices.®*! However, due to their limited plasticity, only several
reports have realized the limited flexibility of resistive switching devices that contain inorganic
semiconductors.*>** Accordingly, most studies regarding deformable resistive memory devices have
focused on organic- and composite-based semiconductors,*°2 giving rise to unresolved material-related

issues of insufficient durability as well as low performance.

Here, | present the intrinsically stretchable, wafer-scale Ag»S thin films fabricated by a low-cost and
scalable solution process. The fabricated thin film has been determined to exhibit the intrinsic
mechanical stretchability of the tensile strain of 14.9%. In addition, RRAM device were fabricated with
awrinkled Ag.S thin film, exhibited bipolar switching characteristics, satisfying the expected properties
of a favorable lon/los ratio, operational endurance, and retention properties. In particular, the device
showed 52% mechanical stretchability when the wrinkled Ag.S layer reached its fully stretched state,
without the loss of electrical properties. Furthermore, | demonstrated the extremely high thermal and
chemical durability of this inorganic RRAM device by performing uniform operations under thermal
stresses at temperatures from —196 to 300 °C and the chemical stresses by exposure to various
hydrophilic, hydrophobic, and ionic environments, especially sustaining the switching properties for
168 h in 85 °C/85% relative humidity. Finally, the integration of memory devices and motion sensors
enables the self-powered, and a smart and wearable healthcare-monitoring system for long-term data

storage.

2.2 Results and discussion

2.2.1  Solution-processed fabrication of Ag»S thin films

Figure 2.1a-b shows the solution-processed fabrication of the uniformly deposited crystalline Ag.S
thin films. High-quality Ag.S thin film fabrication was realized by the purification of an Ag.S ink

solution from the as-synthesized mixed phases and heat treatment of the as-deposited thin film under
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an S-ambient environment. The initial solution of Ag,S was synthesized by dissolving Ag.S powder in
a mixture of ethylenediamine and ethanedithiol,>*%° which was further purified and finally dissolved in
ethylenediamine. The UV-Vis absorption spectra of the as-synthesized and purified Ag.S solutions
showed the same absorption peaks at 360 and 520 nm, indicating that the dissolved Ag.S molecules
maintained their basic structures after the purification process (Figure 2.2). However, the composition
of the purified complex changed the Ag:S ratio from 2:1 to 2:3, suggesting the exclusion of the
byproduct of Ag-rich complexes during the purification process.*®®” These Ag-rich complexes in the
as-synthesized solution deteriorated the microstructures in the spin-coated thin film, as shown in the
scanning electron microscopy (SEM) image (Figure 2.3a), which can be attributed to different
decomposition behaviors of mixed complexes. In contrast, the purified solution used a spin coating
process to form a very uniform thin film with perfect surface coverage on the substrate (Figure 2.3b).
The atomic force microscopy (AFM) and interferometric scattering microscopy images of the Ag2S
thin films fabricated on further demonstrate the film uniformity with the root-mean-square surface
roughness of 6.69 nm and 13.05 nm obtained from the height profiles (Figure 2.4).
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Figure 2.1. a) Schematic illustration of the fabrication of Ag,S thin film by a solution process. b)
Photograph of Ag,S thin film fabricated on a 4-inch wafer.
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Figure 2.2. UV-Vis absorption spectra of as-synthesized and purified Ag:S solution.

Element Wt% At%
S K 30.73 59.88
AgL 69.27 40.12

Figure 2.3. SEM images of thin films prepared using a) as-synthesized Ag>S solution, b) purified Ag,S

solution. The atomic and weight compositions of b) were estimated by EDS analysis.
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Figure 2.4. a) AFM image of the Ag,S thin film and b) the corresponding height profile. ¢)

Interferometric scattering microscopy image the Ag,S thin film and d) the corresponding height

profile.

Thermogravimetric analysis (TGA) of the purified Ag,S solution demonstrated that a sharp decrease
in weight began at approximately 180 °C, which was attributed to the thermal decomposition of the
molecular Ag.S complex (Figure 2.5). Based on the TGA result, the as-deposited thin films were
further heat-treated at 300 °C to completely decompose the Ag.S complex and form a crystalline Ag,S
phase. The heat treatment was performed under an S-ambient environment, which was beneficial for
formation of stoichiometric Ag.S thin film by preventing undesirable excessive S evaporation. Heat
treatment under an N environment led to structures embedded with nanoparticles (Figure 2.6a) due to
excessive S evaporation. Selective energy dispersive X-ray spectroscopy (EDS) analysis demonstrated
that the nanoparticles were the Ag-rich phase (Figure 2.6b), which was further supported by the X-ray
diffraction (XRD) pattern showing mixed phases corresponding to Ag and Ag.S (JCPDS 00-004-0783
and 00-014-0072) (Figure 2.7). In contrast, under the S-ambient environment, annealed thin films
showed a continuous microstructure with complete fusion of nanoscale grains across the entire area
(Figure 2.8). The photograph of the thin film displayed mirror-like specular reflection, which showed

the highly uniform thin film surface (Figure 2.1b). The XRD pattern of the thin film was indexed to
20



the Ag.S bulk crystal, and no impurity-related phases were not observed (Figure 2.9). Moreover, the
peaks indexed to the (012), (013), and (014) planes were more pronounced than others, indicating that
the Ag.S thin film preferentially grew along the (01l) plane. These results demonstrate the realization
of a high-quality Ag.S thin film through solution-processed deposition and subsequent heat treatment

at the optimized conditions.
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Figure 2.5. TGA analysis of the purified Ag,S precursor.

Element Wt% At%
SK 13.29 34.03
Ag L 86.71 65.97
Element Wt% At%
SK 5.70 16.91
Ag L 94.30 83.09

Figure 2.6. SEM images of prepared using purified thin films after annealing at 300 °C. The atomic

and weight compositions were estimated at boxed region by EDS analysis.
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Figure 2.7. XRD patterns of Ag:S thin films dried and annealed at 300 °C.

Figure 2.8. SEM image of Ag,S thin films.
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Figure 2.9. XRD pattern of Ag,S thin film. The vertical lines in the panel indicate the XRD pattern of
bulk Ag,S crystal (JCPDS 00-014-0072).
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2.2.2  Mechanical properties of Ag.S thin films

Figure 2.10a shows the hardness of the Ag.S films as a function of indentation depth. The hardness
was measured at 0.3 (+ 0.06) GPa, and elastic modulus of 8.24 (+ 0.52) GPa, where which yield strain
of 1.2% was estimated by assuming the Tabor’s factor of 3 correlating yield stress and hardness. The
measured yield strain of Ag»S thin film was higher than that of about 0.3% for bulk Ag.S ingot and
spark plasma sintering.?? As the thickness and volume of the material decreases, the number of defects
in the material that affect the mechanical properties decreases probabilistically, resulting in higher
strength and higher yield strain.®® This size effect could be a cause for the higher yield strain of the
nanoscale Ag.S thin films.

Uni-axial stretching test were performed to estimate the intrinsic stretchability of Ag.S thin film.
The Ag2S thin film on thin polyimide substrate was transferred upside down to the stretchable substrate,
and upper polyimide was etched with O, plasma. It was stretched under observation of optical
microscope as shown in Figure 2.11 and Figure 2.12a. AgS thin film on the stretchable substrate
showed vertical wrinkles cause by relaxation of the residual stress during transfer process. So, it was
stretched up to removing vertical wrinkles first and then stretched again to create cracks on the film.
The Ag.S thin film was stretched up to 14.9 (x 4.7) % without formation of any cracks like typical
stretched image (Figure 2.13), and primary crack occurred on the side of the film, which is
mechanically weak or broken was generated at side of thin film which is mechanically weak or fractured
part during transfer process as shown in Figure 2.12b. During stretching test, horizontal wrinkles were
created on the film as seen in Figure 2.13. The compressive stress generated in vertical direction caused
horizontal wrinkled structures according to high Poisson’s ratio of stretchable substrate. However,
stretchability in the stretching direction cannot be mechanically affected and was ignored in this
experiment. The stretchability of the Ag.S thin film on the stretchable substrate was estimated at a
tensile strain of 14.9 (x 4.7) % since other parts of the film cannot be stretched with uniform strain after
crack propagation. Due to the unique ductile mechanical behavior of bulk Ag.S with irregularly
distributed metal-metal bonding,?? Ag.S thin film exhibit high ductility like metals, and transfer process
on the stretchable substrate (stretchable tape) can improve fracture strain with high adhesion force
between Ag.S thin film and substrate which could suppress initiation and propagation of cracks in the
Ag>S thin film.
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Figure 2.10. Hardness as a function of indentation depth measured by nanoindentation.
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Figure 2.11. Schematic image of stretching test and typical optical microscope image of Ag.S thin film
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Figure 2.12. a) Photograph of uni-axial stretching machine and optical microscope. Optical microscope

images of b) before stretching c) after 14.9% strain.
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Figure 2.13. Optical microscope image of stretched Ag,S thin film for tensile strain of 14.1%.
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2.2.3  Fabrication of Ag.S-based RRAMSs

The solution process produced the stretchable Ag.S thin films, allowing the fabrication of Ag,S thin
film-based RRAM arrays on a wafer scale. Initially, Al/Ag.S/Ag single memory cells were fabricated
on polyimide and glass substrates to investigate resistive switching behavior and operational reliability.
The Ag»S active layer was made by spin coating and sandwiched by top (Ag) and bottom (Al) electrodes
deposited by thermal evaporation. Each layer showed a uniform thickness of ~100 nm, as shown in the
cross-sectional SEM image (Figure 2.14). The Al/Ag.S/Ag RRAM cells on the polyimide substrate
showed typical bipolar resistive switching behavior with an loi/los ratio of ~10° (Figure 2.15). The
initial high resistance state (HRS) was changed to low resistance state (LRS) when sufficient voltage
was applied to the device the positive sweep. In contrast, when the negative voltage sweep, the device
returned to the HRS below the reset voltage. This resistive changes from the HRS to the LRS and vice
versa are utilized for the write and erase operation of the RRAM cell. In addition, the memory cells
fabricated on the polyimide, glass, silicon and sapphire substrates showed the identical -V
characteristics with simliar current levels at both the HRS and LRS (Figure 2.16).

As shown in Figure 2.17. the resistive switching in the Ag,S-based device resulted from
electrochemical metallization and dissolution of Ag ions. During the set process, the Ag.S layer under
the electric field with dissolved Ag* cations was passed from the Ag electrode to the opposite Al
electrode. The amount of Ag* cations reached the Al electrode were decreased, resulting in the Ag
filament growing in the direction of Ag electrode. If the Ag filaments were contact between Ag and Al
electrodes, the device switched to LRS. Similarly, when sufficiently negative bias was applied, the reset
process occurred and annihilated Ag filaments.?2 Ag filament formation in LRS has been further
demonstrated by conductive atomic force microscopy (C-AFM) analysis. The C-AFM images shows
the appearance of conductive channels in the Ag.S thin film of LRS (Figure 2.18), but no channels
were observed in the film of HRS (Figure 2.19) and the appearance of these conducting filaments
should be generated from the formation of the Ag filaments. The nonuniformity of the Ag filaments can
be due to small grain sizes and surface roughness, as local electric field can be strongly affected by the
local variability of crystallographic orientations and thickness. | also measured the temperature-
dependent resistivity of Ag.S-based RRAM at a low resistance state (LRS). As the temperature increase
from 30 °C to 130 °C, the resistivity of Ag,S-based RRAM increased almost linearly (Figure 2.20).
This positive temperature dependence of the resistivity is the typical metallic behavior due to the
increased thermal motion of the atoms on lattice sites. The increase in motion serves as center of
scattering of electrons and reducing their mean free path, leading to an increase in resistivity. This result
shows that the resistive switching mechanism in the Ag.S thin film originated from the formation and

annihilation of Ag filaments.
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To further demonstrate the reliability of the Al/Ag.S/Ag RRAM cell, retention and endurance tests
during the repetitive switching. The Al/Ag.S/Ag RRAM cell showed excellent retention properties for
both the HRS and LRS up to 10° s with no significant variation in the lo, and los Values (Figure 2.21).
Moreover, to confirm the long-term retention of our RRAM, | conducted the retention test for 14 days.
As shown in Figure 2.22, Ag.S-based RRAM demonstrated excellent retention that maintained the
memory states over 14 days without degradation in both LRS and HRS. The memory cell also showed
highly reproducible operation for 100 times (Figure 2.23). Finally, the distribution of the set and reset
voltage is almost uniform, and the average values of ~500 mV, indicating the reproducibility of the
memory cells. This is an advantage in terms of power consumption during device operation (Figure
2.24).

Solution-processed fabrication of thin films is beneficial for achieving the large-scale, cost-effective
fabrication of thin film devices. The process introduced here resulted in the manufacture of the wafer-
scale fabrication of an Ag.S-based RRAM (Figure 2.25). The solution-processed Ag»S thin film
deposited on a 4-inch wafer showed uniform microstructures throughout the region as shown in SEM
images (Figure 2.26). In addition, to check the practicality of the Ag»S thin film as a wafer-scale active
layer, I investigated the operational uniformity by measuring the I1-V characteristics of the RRAM cells
at each point presented in Figure 2.27. Each cell demonstrated bipolar switching behavior with a
uniform distribution of lo/losr ratios and set/reset voltages (Figure 2.28). This reliable resistive
switching behavior of the RRAM cells on a wafer-scale suggests that the solution processing of Ag.S

thin films can be used for the fabrication of high-density integration of RRAM arrays.

Figure 2.14. Cross-sectional SEM image of Al/Ag,S/Ag RRAM.
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Figure 2.15. I-V characteristic for the Al/Ag>S/Ag memory cell.
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Figure 2.16. /,, and /o of Al/Ag,S/Ag memory cell fabricated on glass polyimide, silicon and sapphire
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Figure 2.17. Schematic illustration of the switching mechanism for the operation of the AI/Ag,S/Ag
RRAM.

Figure 2.18. C-AFM analyses for the Al/Ag,S/Ag memory cell at LRS.
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Figure 2.19. C-AFM analyses for the Al/Ag>S/Ag memory cell at HRS.
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Figure 2.20. Temperature dependence of the electrical resistivity of the Ag,S-based RRAM at the LRS.
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Figure 2.21. Retention time for the Al/Ag,S/Ag memory cell.
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Figure 2.22. Long-term retention property of Ag>S-based RRAM.
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Figure 2.23. Endurance cycles for the Al/Ag,S/Ag memory cell.
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Figure 2.24. Set and reset voltage distributions of Al/Ag,S/Ag single memory cell.

Figure 2.25. Photograph of Ag,S-based RRAM fabricated on a 4-inch wafer.
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Figure 2.26. SEM images of Ag,S layer at no. 2, 4, 6, and 8 marked in panel.
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Figure 2.27. I-V characteristics at each cell of Ag,S-based RRAM fabricated on 4-inch wafer.
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2.2.4  Environmental durability of Ag»S-based RRAMs

Compared with organic-based devices, inorganic semiconductors are inherently resistant to
degradation due to chemical and thermal stress. To evaluate durability, | conducted an accelerated stress
tests with 85 °C/85% relative humidity (85/85 test) was performed with Ag.S RRAMs without any
encapsulation. The RRAMs shows no degradation of switching properties for 168 h (Figure 2.29).
Moreover, the chemical stability of the Al/Ag.S/Ag RRAM cell was further investigated by immersing
the device in a variety of solvents representing hydrophilic, hydrophobic, and salt conditions, such as
hydrophilic deionized (DI) water, phosphate buffer saline (PBS) and eight different kinds of organic
solvents for 10 min (Figure 2.30). To check the thermal stability, the Ag.S-based RRAM cell was
operated under the thermal stresses for 10 min in a wide temperature range from —196 to 300 °C.
Surprisingly, in all cases, the RRAM cell exhibited almost the same |-V characteristics before and after
the chemical and thermal stresses (Figure 2.31 and 2.32). Given that reported organic-based stretchable
electronics are usually encapsulated for sustainable operation,**-%? these results observed in the Ag.S-
based RRAMs clearly demonstrated extraordinary durability under harsh environments, validating the

ubiquitous applicability.
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Figure 2.29. Accelerated stress tests under 85°C/85% relative humidity. All read operations were

conducted at 0.03 V.
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Figure 2.30. The photographs of Al/Ag>S/Ag RRAM immersed in diverse chemical environments.
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Figure 2.31. Thermal stabilities of Ag>S-based RRAM. All read operations were conducted at 0.03 V.
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Figure 2.32. Chemical stabilities of Ag>S-based RRAM. All read operations were conducted at 0.03 V.
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2.2.5 Stretchable Ag.S-based RRAMSs

The intrinsic stretchability of the a-Ag»S thin films made it possible to fabricate highly stretchable
wrinkled Ag.S thin film layers without any mechanical failure. This wrinkled thin film-based
stretchable RRAM was fabricated by transferring the Ag.S-based RRAM on the thin polyimide onto a
pre-stretched rubber substrate using water soluble tape (Figure 2.33). The ultrathin form of the RRAM
(~3 um total thickness; Figure 2.33) allowed high deformability, including bending, stretching, and
twisting. The ~300 nm thick RRAM was located near the neutral mechanical plane between the ~1.4
um thick polyimide encapsulation layer, which effectively minimized the induced strain on the a-Ag.S
active layer. As the tensile strain of the rubber substrate was released, the RRAM wrinkled, allowing
for a reversible deformation from 0% to 52% strain (Figure 2.34). | further carried out the XRD
characterization to check if there are any differences in the crystallographic phase after the lithography
and transfer processes. As shown in Figure 2.35, the peaks in the XRD patterns of the Ag:S thin films
after lithography and transfer processes are well matched with those of pristine AgzS thin films
deposited on glass substrate. Meanwhile, | found that there is a slight difference in crystallographic
orientation of Ag.S thin film after the device fabrication process. This could be attributed to the
wrinkled surface of Ag,S thin film on polyimide substrate rather than lithography and transfer process.

To investigate the maximum stretchability of the Ag.S layer in the stretchable RRAM, | carried out
finite element analysis (FEA) simulations based on the measured mechanical properties. According to
fabrication process of stretchable RRAM, wrinkle formation process was simulated for analyzing stress
and strain distribution on the Ag.S thin film. Perfect plasticity of the Ag»S thin film was assumed in the
simulations. As shown in Figure 2.36, flat Ag.S thin film was compressed and wavy structure was
formed at the surface by elastic recovery of pre-strained substrate. According to the release of pre-
strained substrate, the radius of curvature decreases hundreds of micrometers to tens of micrometers as
shown in Figure 2.37. The stretchable RRAM shows tens of micrometer radius of curvature, so pre-
strain should be released to form wavy structure at the stretchable substrate up to 40% by the simulations.
The 40% released AgQS thin film shows identical feature shape comparing with surface profile
presented in Figure 2.38. The simulated feature has a wavelength of 500 um and an amplitude of 150
um which are very similar dimensions to actual wrinkle structure of the stretchable RRAM. As the
radius of curvature decreases, stress and strain also tends to concentrate more at the center of wavelength
like actual profile of the device. During stretching RRAM, wrinkled device releases structural
stretchability and ductile Ag.S provides additional stretchability. Based on these results, total
stretchability of 52% for the devices can be realized by combination of unfolding the wrinkled structure
and intrinsic fracture strain of the Ag.S thin films.

The flexibility of the Al/Ag.S/Ag RRAM device fabricated on a polyimide substrate was evaluated
by measuring lon and loss every 100 bending cycles at a bending radius of ~1.9 mm (Figure 2.39). The
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Ag.S-based RRAM fabricated on flexible substrates clearly exhibits the typical bipolar resistive
switching behavior with lo/losf ratio of ~10° (Figure 2.40), agreeing with those of the RRAM fabricated
on rigid substrates such as a glass. The device showed a reproducible lon/los ratio with negligible
variation during 1000 bending cycles. Moreover, by introducing wrinkled structure to the 3-um-thick
Al/Ag.S/IAg RRAM, effective level of stretchability was provided under 0%-52% strain. From the 3D
optical profile images (Figure 2.38), the radius of curvature of the wrinkled RRAM ranged from tens
of micrometer to several millimeters. When external tension was applied, the wrinkled RRAM was
stretched to 52% by relieving the internal stress, and exhibited stable Ion and I characteristics (Figure
2.41). Moreover, any cracks were not observed in the SEM images of the transferred Ag.S, Ag, and Al
thin film under the both wrinkled and stretched state (Figure 2.42). The stretching cycle test was
performed under 30% strain and both lon and losr exhibited negligible variation during 1000 stretching
cycles (Figure 2.43). These results clearly demonstrate the applicability of ductile Ag.S semiconductor
thin films for stretchable electronics. Considering that the reported metal oxide-based RRAMSs
demonstrated mechanical endurance tests at a bending radius of 4-30 mm,%%® the Al/Ag.S/Ag RRAM
could be evaluated to have an extraordinary mechanical durability. Further, | investigated the
benchmark papers of flexible and stretchable inorganic- and organic-based RRAMs in the literature

(Table 2.1), showing the superior device performance and mechanical stretchability of our device.

Polyimide

Ag

A\
Polyimide

Figure 2.33. Schematic illustration focused ion-beam (FIB) cross-section image of the Ag,S-based

stretchable RRAM.
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Figure 2.34. Photograph showing the stretchable RRAM at wrinkled (0% strain) and fully stretched
states (52% strain).
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Figure 2.35. XRD patterns of Ag,S thin films before and after lithography and transfer processes.
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Figure 2.36. 3D FEA simulation result of wrinkle formation at stretchable RRAM.
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Figure 2.37. Radius of curvature of Ag,S thin film depending on released pre-strain of substrate.
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Figure 2.38. 3D surface scanning (1.28 mm x 1.28 mm) of the wrinkled and stretched surfaces of the
stretchable RRAM.
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10-1
<.,
= 10° —=—HRS
= LRS
= 10-°
=
o s, =
107
10-24

0 10 20 30 40 50
Stretching strain (%)

Figure 2.41. I, and I distribution during stretching strain from 0 to 52%.
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Figure 2.42. SEM images of a,b) Ag>S, c,d) Ag and e,f) Al thin films under a,c,e) the wrinkled and b,d,f)
stretched state.
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Figure 2.43. I, and /i distribution during 1000 stretching cycles at a stretching strain of 30%.
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Table 1. The state-of-the-art flexible RRAMs published recently.

. Bending .
. Fabrication Switching lon/loff Retg ntion Endurance cycles Stretching
Materials . . time . cycles Ref.
process mechanism ratio cycles (Bending -
[sec] radius) (Strain)
Atomic . 3
TiOs layer Filament 152 10° 10° 10 ; 66
" formation (10 mm)
deposition
. Filament P s 3 10®
WO3.« Sputtering formation 10 5x10 10 (5.53 mm) - 67
' Filament 2 1013 10
InGaznO Sputtering formation 10>-10 - 150 (8 mm) - 68
. Interface- 3
Graphene Spin based ~10? 105 10° 10 ; 69
oxide casting o (9 mm)
switching
; Hopping 2_103 4 5 10* )
GeO,/HfON Sputtering conduction 10*-10 10 10 (15 mm) 70
AgsSe Spin Filament 30 10° 10t ; - 71
coating formation
Cug(benzene- -
Liquid .
1,3,5- Filament 2 " . 160 160
tricarboxylic ph_ase formation 10-10 10 10 (4.5 mm) (2.0%) ?
- epitaxy
acid),
Thermal Interface- 200
CH3NH3PBI3 . based 108 104 108 - 73
evaporation o (3 mm)
switching
Solution- Filament 12 " 50
MIL-53 immersion formation 10 10 200 . (10%) 4
) Filament 2 103 5 s 1200 ;
HfOy Sputtering formation 10%-10 10 10 (6 mm) 75
Zeolitic . . 3
imidazolate ~SoMton-  Hopping ~10° 3x10° 25 - 10 76
immersion conduction (50%)
framework-8
Spin Filament PP " > 108 108 This
Ag:S coating formation 10 10 10 (2.9 mm) (30%) work
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2.2.6  Self-powered Ag,S-based RRAMs for wearable healthcare monitoring system

Recently, electronic systems that integrate RRAM and pressure sensors are focused on advances in
next-generation bio-inspired haptic systems and neuromorphic electronics with low energy
consumption, synaptic data processing, and wearable healthcare monitoring systems multifunctionality.
External power supplies in ultrathin/stretchable forms are required to store the bio-signal data measured
by the wearable sensors into the memory devices. Moreover, the currently developed Ag.S RRAM with
high durability are quite advantageous for designing 24 h-healthcare monitoring system for patients in
a real life. Accordingly, | designed an integrated motion sensor/stretchable RRAM for a self-powered
healthcare monitoring system for monitoring patients with Parkinson’s disease, a degenerative brain
disease (Figure 2.44). Patients with Parkinson's disease exhibit unintentional and irregular body
tremors and muscle stiffness, which can lead to frequent falls and injuries. Therefore, there is a demand
for a wearable electronic system capable of distinguishing among conventional motion (e.g. walking),
irregular tremors, and collisions by external impacts. The basic operational mechanism in triboelectric
pressure sensor under human motion was illustrated in Figure 2.45. An alternating AC signal was
generated by the pressure sensors under external pressure or deformation and converted to a DC signal
via an external circuit consisting of a bridge rectifier Figure 2.46. For the energy conversion, different
capacitors (10 nF and 1 nF) were placed in the circuit to control the output open circuit voltage (Vo) to
the Ag.S memory device (Figure 2.47). In our system, the Ag2S RRAM cells in the low-resistance
region were switched from HRS using a 0.5 V external bias. Different mode of motion (instantaneous
external impacts and human motion) was measured by the motion sensors; the open circuit voltage from
the motion sensor (Vo ™man moton) ynder an external impact was 40 V and VU™ meton ynder normal
behavior (Walking) and tremor was ~2 V and ~3V respectively (Figure 2.48). The input voltage to the
RRAM cell was controlled by connecting two capacitors (10 and 1 nF) to the motion sensor. As shown
in Figure 2.49, Veapacitor ™' increased to 0.6 V when an external impact was applied to the motion sensor
connected with the 10 nF capacitor, and the data was stored in the RRAM cell. When normal behavior
occurred, the motion sensor connected with the 1 nF capacitor induced a voltage of 0.3 V (~ 3 Hz) and
1.0 V (~ 6 Hz) at tremor state, respectively. Only high frequency signals, i.e. over 6 Hz, were able to
switch the RRAM cells to LRS. | summarized the references to define operation frequency of sensor
(Table 2.2). In this range of the frequency, the RRAM well maintained the lo, and los after the stretching
cycle (Figure 2.50). By attaching this self-powered wearable electronic system to the wrist, | could
readily distinguish three different types of motion (fall, walking, and tremors), and store the data into
the wearable memory without complex data processing circuits.

| further demonstrated the large-scale fabrication of the self-powered monitoring system, in which
the cell (integration of Ag>S RRAM and touch sensor) matrix with 4 x 4 pixels in size of 4 mm x 4 mm

was fabricated as shown in Figure 2.51. Touch sensor array was integrated with RRAM cell array
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(Figure 2.52). Existing external pressure on touch sensor, it generated electrical power due to
triboelectric effect. Production of AC signal was converted to DC signal at external circuit (Figure
2.53). Before external pressure on touch sensor, the current read from Ag.S RRAM was ~10% A, when
touch operation was applied on the cell matrix with specific path (letter “N”), the current read from
RRAM laid on the path was ~10 A (Figure 2.54 and 2.55). Since lon/los ratio of self-powered Ag.S
RRAM matrix reaches ~10°, | could expect uniform performance of Ag.S RRAM at even self-powered
RRAM device. Recently, various type of the stretchable self-powered sensing systems for health
monitoring have been reported. However, most papers related to self-powered sensing systems have
mainly focused on the characteristics of self-powered sensors,®%" not focused on the data storage
devices. In general, wearable memories manufactured on flexible and stretchable substrates have lower
performances than those of conventional memories fabricated on rigid substrates because of low
crystallinity (amorphous nature), large roughness, and low thermal/chemical stability of
flexible/stretchable substrate.®#° However, wearable non-volatile memory fabricated on ultrathin
polyimide substrate maintained its outstanding bipolar switching characteristics under bending and
stretching cycle test conditions, which offer great potential of daily-life usable high-performance

wearable electronics in a real-world setting.

Figure 2.44. Schematic illustration and photograph showing the flexible/stretchable Ag,S-based
RRAM system.
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PDMS (100 um)
Polyimide (1 pm)

B Ti (5nm)/Al (100nm)

Figure 2.45. Working mechanism of triboelectric sensor. When device was bent by external force,
triboelectric charges were generated by difference of triboelectric effect tendency. Negative charges
and positive charges were generated on the surface of PDMS and polyimide film, respectively. The
generated surface charges induce the electron flows from top electrode to bottom electrode for balance

of electric charges. Through this phenomenon, I can scavenge electric power from triboelectric sensor.
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10 nF Capacitor Rectifier
Rectifier (Bridge diode)
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J‘ RRAM
_|_

10 nF Capacitor

Figure 2.46. a) Photograph of 10 nF capacitor and rectifier. b) Circuit diagram of touch sensor array.
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Figure 2.47. Schematic illustration showing the corresponding device composition of the panel.
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Figure 2.48. Open-circuit voltage from triboelectric sensor under three different measurement condition

(walking, tremor and fall).
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Figure 2.49. Charged voltage in capacitor (10 nF for fall, 1 nF for human motion) under three different

measurement condition (walking, tremor and fall).

Table S2. The sensed frequency under walking and tremor of human motion.

Walking frequency (Hz) Tremor frequency (Hz) Reference
0.5~3 None 77
2~3 None 78
2~3 None 79
~1 None 80
None 6~12 81
None 4~6 82
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Figure 2.50. /., and Lo of stretchable Ag>S-based RRAM measured at different stretching frequencies.

Figure 2.51. Photograph showing the self-powered Ag>S RRAM system cell matrix with 4 x 4 pixels.

52



'Polyimide

Al
HAg

Ag,S
= PDMS

Figure 2.52. Schematic illustration showing the corresponding device composition of cell matrix.
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Figure 2.53. External circuit composed of rectifier and 10 nF capacitor for operating Ag.S RRAM with

touch sensor array.
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Figure 2.54. Relevant current mapping after applying mechanical pressure along path of letter “N”.
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2.3 Conclusion

In summary, this study demonstrated the wafer-scale fabrication of stretchable Ag.S-based devices
by solution-processed synthesis of ductile semiconducting Ag.S thin films. The most significant effect
of the Ag.S films' intrinsic ductility was shown to exhibit their stretchability up to 14.9%, enabling the
fabrication of the wrinkled Ag.S-based semiconductor memory device with the excellent mechanical
stretchability of 52%. It was shown that the fabricated memory device fulfilled the favorable properties
expected for standard RRAM, including an lon/loff ratio, operational endurance, and retention properties,
as well as extraordinary durability to externally induced chemical and thermal stresses. Moreover, this
stretchable memory was integrated with motion sensor to form a self-powered healthcare monitoring
system, where | could readily distinguish patient’s motions and store the data into the wearable memory
without complex data processing circuits, validating the ubiquitous applicability of the current Ag.S
thin films. This approach has the potential for cost-effective manufacturing of high-performance,
extremely durable, and stretchable semiconductor thin films, which will be easily extended to other

functional electronic devices, shedding light on the stretchable electronics community.

55



2.4 Experimental section

2.4.1 Materials

Ethylenediamine (>99 %), 1,2-ethanedithiol (>98 %), silver sulfide (99.9 %), acetonitrile
(anhydrous, 99.8 %), n-methyl formamide, (99 %), dimethyl sulfoxide (anhydrous, 99.9 %),
poly(pyromellitic dianhydride-co-4,4’-oxydianiline), amic acid solution (80%/20% solvent ratio) were
purchased from Sigma-Aldrich. Ethyl alcohol (>99.5 %), methyl alcohol (99.5 %), tetrahydrofuran
(99.9 %), toluene (99.5 %), hexane (95 %), were purchased from Samchun chemical. N,N-
Dimethylformamide (99 %) was purchased from Alfa Aesar.

2.4.2 Synthesis of purified Ag>S solution

The initial Ag,S solution was prepared by dissolving 0.045 g of Ag»S powder in a alkahest solvent
of 1 mL of ethylenediamine and 0.1 mL of ethanedithiol. The solution was stirred for over 3 hours at
50 °C to fully dissolve the powder and to prevent the crystallization of the co-solvent. Then, the solute
was precipitated by adding 5 mL of acetonitrile to 1.1 mL of the Ag,S solution followed by
centrifugation at 7800 rpm for 5 min. The submerged solute was redispersed in 0.15 mL
ethylenediamine and filtered through a 0.2 um PTFE filter. All process was carried out in a nitrogen

filled glove box.

2.4.3 Deposition of Ag>S thin films

Glass and polyimide substrates were cleaned with methanol, acetone and isopropanol, followed by
O, plasma treatment to hydrophilize the substrate. The purified Ag,S solution was spin-coated onto
substrates at 2000 rpm for 40 s. The Ag,S thin film was dried at 85 °C for 15 min and subsequently
annealed at 300 °C for 5 minutes on hot plate. The thin films were annealed with sulfur powder in a
crucible. The second heat treatment was annealed at 350 °C for 30 minutes to evaporate the residual

excess sulfur.

2.4.4 Characterization of materials

Microstructural characterization was carried out using scanning electron microscopy (Nova-
NanoSEM230, FEI) operated at 10 kV and optical microscopy (BX53M, Olympus). Elemental analysis
was conducted via energy dispersive X-ray spectroscopy (EDS) using Nova-NanoSEM230. The
absorption spectra were acquired using a UV-Vis spectrophotometer (Shimadzu UV-2600).
Thermogravimetric analysis (TGA) measurements were made using TA Instruments Q500 at a heating
rate of 10 °C min-1 under a nitrogen flow rate of 100 mL min'. X-ray diffraction patterns were collected
using a Rigaku D/MAX2500V/PC with a wavelength of 1.5418 A (Cu Ka X-ray source). The I-V
characteristics of the Ag>S-based RRAM devices were obtained using a Keithley 2400. 3D surface
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scanning of the stretchable RRAM devices was obtained using a Confocal laser scanning microscopy
(OLS1300). Conductive atomic force microscopy (AFM) analyses were made using Veeco Instruments:
Multimode V SPM, with using conductive AFM application module and Bruker scm-pic probe

operating a normal atmospheric environment.

2.4.5 The Ag>S-based RRAM device fabrication

An Al electrode was deposited on prepared glass and polyimide substrate. In case of the polyimide
substrate, ~5 nm of Ti layer was deposited as an adhesion layer between polyimide substrate and Al
layer. Then, Ag,S thin film was spin coated onto Al electrode and subjected to annealing at 300 °C.
After Ag,S coating, a patterned silver electrode was deposited on Ag,S thin film using patterned mask.

All metal layers were deposited by thermal evaporator.

2.4.6 Fabrication of the stretchable RRAM device

A Si/SiO, wafer cut into 1 cm % 3 c¢m size was sonicated in 2-propanol and deionized water for 5
min each. After the wafer was dried, an oxygen plasma was conducted to hydrophilize the surface of
the wafer. A polyimide solution was spin-coated at 3,000 rpm for 30 s, followed by annealing on the
hot plate at 150 °C for 5 min in air, 150 °C for 5 min and 250 °C for 60 min in inert condition. Then, Ti
was deposited as an adhesion layer (~5 nm) and ~70 nm of Al was deposited on titanium layer by
thermal evaporator. Ag>S thin film was spin coated on Al electrode at 2000 rpm for 40 s. To patterned
the Ag>S, a shadow mask was used. After Ag>S coating, ~ 70 nm of Ag was deposited on Ag,S as top
electrode by thermal evaporator with patterned metal mask. Polyimide film was coated on top by spin
coating process at 3000 rpm for 30 s and partially etched by oxygen plasma (150 W, 420 mTorr) for
385 s with patterned metal mask. Ag electrode was deposited once again to ~70 nm. And then, the
device was peeled off by water soluble tape from wafer substrate, and transferred onto pre-stretched
rubber substrate. After dropped deionized water for 60 s, water soluble tape was detached from the
device and residual DI water was dried by air blowing. Pre-strained rubber substrate was released and

stretchable memory device was formed (Figure 2.56).
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Figure 2.56. Schematic illustrations of the fabrication procedure of the stretchable Ag/Ag,S/Al
RRAM.

2.4.7 Mechanical properties of Ag>S thin film & FEA simulation

Nanoindentations were conducted using Nanoindenter G200 instrument (KLA, Milpitas, CA, USA)
with a three-sided pyramidal Berkovich indenter. The maximum indentation depth was 40 nm, which
is about 1/10 of the sample thickness. Poisson’s ratio of Ag,S film was used as 0.35 for the analysis.
For the nanoindentations, the loading rate was controlled as 0.05 and the thermal drift was maintained
below 0.05 nm/s. Ten nanoindentations were performed to obtain reproducible data, and elastic modulus
and hardness as a function of indentation depth were measured using continuous stiffness measurement
(CSM). Uni-axial stretching test was conducted with customized uni-axial stretching tester. The strain
rate was maintained for 10~ s of total length of deformable substrate. The surface of Ag>S film was
observed and recorded with visual-light microscope during stretching test. And the strain was measured
with DIC (digital image correlation) process after experiments. 3D finite element analysis (FEA)
simulations were conducted for simulating deformation behavior of wrinkled Ag,S films by using a
commercial software (ABAQUS, Dassult Systemes, France). The refine mesh was generated for
saturated analysis results, and the element type was 8-node linear brick with full integration method
(C3D8). In this analysis, the elastic modulus was set as 8.24 GPa which was measured by

nanoindentations and the Poisson’s ratio was set as 0.35.
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2.4.8 Fabrication of the wearable self-powered RRAM system

A Si/Si10, wafer was sonicated in 2-propanol and deionized water for 5 min each. After the wafer was
dried, an oxygen plasma was conducted to hydrophilize the surface of the wafer. A polyimide solution
was spin-coated at 500 rpm for 30 s, followed by annealing on the hot plate at 150 °C for 5 min in air,
150 °C for 5 min and 250 °C for 30 min in inert condition. Before deposition Al electrode,
photolithography was accomplished with patterned photomask. Ti was deposited as an adhesion layer
(10 nm) and ~100 nm of Al was deposited on titanium layer by thermal evaporator. Ag,S thin film was
partially coated on Al electrode. After Ag,S coating, photolithography was proceeded again and then,
200 nm of Ag was deposited on Ag,S as top electrode by thermal evaporator. To form serpentine
structure in wearable RRAM, polyimide substrate was etched by oxygen plasma (150 W, 420 mTorr)
for 1000 s with photolithography pattern for encapsulation. Device was transferred on PDMS substrate
using water soluble tape. And PDMS film was attached on the bottom electrode of sensor part as
triboelectric layer. For top electrode of motion sensor, patterned Ti (10 nm)/Al (100 nm) electrode was
deposited on the other polyimide film substrate using photolithography and etched for serpentine
structure with the same condition and then transferred on PDMS (triboelectric layer) with water soluble
tape. To convert triboelectric signal into DC signal, extra external circuit is necessary to operate self-
powered RRAM system. For the electronic connection, each rectifier and capacitor were attached on

the patterned Al line with solder paste (Figure 2.57).

Cleaned SiO, wafer Spin-coating polyimide Photolithography
on SiO, wafer Patterned Ti/Al deposition

|

-« -«
Photolithography Patterned Photolithography Ag,S film coating
polyimide film etching Patterned Ag deposition
—» = " ., S L
i T m |
Transfer device on Attach PDMS film on Attach rectifier and
PDMS substrate sensor part and attach top capacitor with solder paste

Ti/Al electrode deposited
on polyimide film

Figure 2.57. Schematic illustrations of the fabrication procedure of the stretchable self-powered RRAM.
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2.4.9 Fabrication of the self-powered RRAM matrix

A Si/810, wafer was sonicated in 2-propanol and deionized water for 5 min each. After the wafer
was dried, an oxygen plasma was conducted to hydrophilize the surface of the wafer. A polyimide
solution was spin-coated at 500 rpm for 30 s, followed by annealing on the hot plate at 150 °C for 5
min in air, 150 °C for 5 min and 250 °C for 30 min in inert condition. Ti was deposited as an adhesion
layer (10 nm) and ~100 nm of Al was deposited on titanium layer by thermal evaporator with patterned
metal mask. Ag>S film was coated on Al electrode, 200 nm of Ag electrode was deposited by thermal
evaporator with patterned metal mask. To prevent electrical connection between touch sensor and
RRAM, polyimide film was coated with 3000 rpm. 10 nm of Ti and 100 nm of Al, bottom electrode of
motion sensor, was deposited with thermal evaporator. PDMS thin film was attached on bottom
electrode of motion sensor as triboelectric layer. For top electrode of motion sensor, patterned Ti (10
nm)/Al (100 nm) electrode was deposited on the other polyimide film substrate using patterned metal

mask (Figure 2.58).

— —
Spin-coating polyimide Ti/Al deposition with Ag,S film coating
on SiO, wafer patterned metal mask l
& -« T «—
Attach PDMS film Spin coating polyimide and Ag deposition with
on Al electrode Ti/Al deposition with patterned metal mask

patterned metal mask

Attach top Ti/Al electrode
deposited on polyimide
film

Figure 2.58. Schematic illustrations of the fabrication procedure of the large-scale RRAM matrix.
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2.4.10 The bending and stretching cycle tests

The Ag>S-based RRAM on polyimide substrate was attached on the home-made bending tester. The
bending and stretching of the device was repeated for 1000 times. One bending cycle is to move from
a flat to maximum bending or stretching state and to return to initial position. The o, and Ior were

measured after every 100 bending and stretching cycles.

2.4.11 The chemical and thermal stability test

For a thermal stability test, the Ag,S-based RRAM fabricated on the glass substrate was heated on
a hot plate for 10 min at the preset temperatures (50, 100, 150, 200, 250 and 300 °C). After cooled down
to room temperature, lon and I, were measured at 0.03 V. Likewise, a chemical stability test was
examined by measuring the /o, and o after dipping the Ag,S-based RRAM in deionized water, ethanol,
methanol, dimethylsulfoxide (DMSO), N-methlyformamide (NMF), dimethylforamide (DMF), hexane,
toluene, tetrahydrofuran (THF) and phosphate buffer saline (PBS).
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