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With the rapidly increasing demand for better energy sources, material development for
alternative energy storage and conversion systems has become extremely important. Among
those, lithium ion batteries have achieved huge success in commercial use; however, progress
still needs to be made to improve the performance. Toward this end, nanostructured materials
have emerged as potential solutions toward smaller, cheaper, safer, and longer lasting batteries.
One part of this dissertation focuses on the synthesis and characterization of nanostructured
carbon materials for lithium ion batteries using electrospinning and nanoimprint lithography as
primary synthesis methods. By appropriate nanostructuring, we have achieved improvement in
electrochemical performance compared to that of the current state-of-art graphite anode, yet

more effort is needed for further advancement.



The other major portion of this dissertation is on the use of various scanning probe microscopy
techniques to thoroughly characterize synthetic ferroelectrics for solar cell applications, and
biological ferroelectrics for bio-compatible molecular electronics. The fundamentals of each
scanning probe microscopy technique are first introduced, followed by a description of how they
are applied to the ferroelectric materials to study different properties and behaviors. By
combining piezoresponse force microscopy (PFM) and Kelvin probe force microscopy, we are
able to establish solid proof that the perovskite is indeed ferroelectric, and also to observe the
charge separation process when used as the light absorber layer in solar cells. More importantly,
we investigated how the external light illumination interacts with the intrinsic ferroelectricity, to
help understand the role of ferroelectricity in its superior performance in solar cells. PFM and
conductive atomic force microscopy (c-AFM) also applied to study the ferroelectric resistive
switching behavior in the biological ferroelectric elastin and its monomer level tropoelastin.
Experimentally, we observed switchable diode-like conductance behavior and strong correlation

to ferroelectric polarization which opens up new applications for those biological tissues.
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Chapter 1. INTRODUCTION

1.1 Motivation

The development of new types of energy sources has become more and more important due
to the fact that global energy consumption is increasing rapidly. It is estimated that the world
demand for energy will double by 2050 [1]. Toward this end, both energy conversion technology
(such as solar cells and fuel cells) and energy storage technology (such as supercapacitors and
batteries) have been extensively studied. Particularly, lithium ion battery, which was first
commercialized by Panasonic in 1991, has achieved huge success in the market as one of the
dominating energy storage systems. However, in consumer electronics such as cell phones and
laptops where lithium ion batteries are used as power supplies, batteries are often considered as
the heaviest, most bulky, and least environmentally friendly component. In order to reduce the
weight, volume and cost of consumer electronics, increasing the energy and power density while
reducing the cost of batteries has become extremely important. On the other hand, in those new-
released electric vehicles and hybrid electric vehicles where lithium ion batteries are designed to
replace gasolines as the power source, increasing the energy and power density while improving
the performance at higher surge current is even more crucial. Besides, potential safety hazard is
always a significant concern.

In order to fulfill the requirements for the wide variety of applications, lots of different
strategies have been proposed. One straightforward solution is to improve the current state-of-art
lithium ion battery, making it more feasible. Another solution is to develop much advanced
battery systems based on different chemistries, such as lithium sulfur battery, sodium ion battery

and magnesium ion battery.



Apparently, the first solution is more practical and thus has attracted lots of research efforts.
Many researchers have tried to “push the limit” by nanostructuring and nanoarchitecturing. One
major route is to make modifications on graphite and lithium cobalt oxide, which are currently
used in commercial lithium ion batteries. Large improvement of battery performance has
achieved by synthesizing nanostructured carbon [2] which can provide shorter diffusion path and
thus accommodate higher current rate and provide higher power density, and by doping
additional transition metal into the layered LiCoO; structure [3]. The other route is to synthesize
new suitable materials for both anodes and cathodes. Nanostructured silicon [4], tin [5],
transition metal oxides [6], and composites [7] have been explored as promising next generation
anode materials, which in general exhibits much higher specific capacity than graphite. While for
the cathode materials, high voltage (> 4V) oxides with different crystal structures such as olivine
LiFePO, [8] and spinel LiMn,O4 [9] have been synthesized and studied. In general, the overall
performance of nanostructured materials is better than bulk materials, benefiting from the surface
effects. With nanostructuring, the volume expansion/contraction and the resulted mechanical
stress can be better accommodated, and thus the stability can be improved. Besides, with reduced
diffusion path length and much higher surface area exposed for both electrons and ions, faster
transport can be realized, therefore, faster charging and discharging can eventually be realized.

In the first part of my dissertation, | mainly focus on developing nanostructured carbons to
improve the performance as anode of lithium ion battery, which will be discussed in details in
Chapter 2 and 3. | tried to introduce micropores and mesopores to the nanocarbons and studied
the correlation between the overall battery performance and the porous structure, and also tried

to improve the battery performance by creating patterned structure on the carbon films.



In addition to the efforts put in synthesizing nanostructured carbon materials with improved
electrochemical performance, | also spent lots of time in combining various scanning probe
microscopy techniques, to study in depth different nanostructured electrochemical materials,
motivated by the lack of a complete understanding of the material properties on the nanoscale. It
is well known that a complete set of material structure and property characterization can
facilitate the design of appropriate material structure for certain application. For example, the
invention of in-situ transmission electron microscopy [10] enables direct observation of the
morphology evolution of silicon anode during lithiation and de-lithitation process. On the other
hand, the recently developed electrochemical strain microscopy [11-13] allows the probe of
localized ionic transport in different electrochemical materials, such as lithium ion transport in
lithium ion battery electrode materials. Development of advanced material characterization
techniques has improved the community’s fundamental understanding of the materials and
corresponding performance. Among various characterization techniques, scanning probe
microscopy draws our attention. It is a versatile technique that uses a tiny tip which comes in
contact with the sample in order to image the sample surface morphology and also to probe the
sample-tip interactions under different stimuli such as temperature variation and external electric
field. When applying different stimuli, different material properties can be investigated,
rendering different functional modules of scanning probe microscopy, such as conductive atomic
force microscopy, piezoresponse force microscopy and the electrochemical strain microscopy. If
different modules can be combined for characterization, it would provide a more comprehensive
understanding, which motivates my research covered in the second part of my dissertation. |
mainly focused on using piezoresponse force microscopy combined with Kelvin-probe force

microscopy to systematically characterize organic-inorganic perovskites used as light absorber



layer in solar cells, trying to address some confusion regarding its ferroelectric property and the
interplay between ferroelectricity and light illumination. Last but not least, | have also explored
the resistive switching behavior of the bio-ferroelectric materials using piezoresponse force

microscopy together with conductive atomic force microscopy.

1.2  Energy Storage Systems

1.2.1 Lithium lon Batteries

Rechargeable lithium ion batteries have become the dominant power source for portable
electronics like cell phones, laptops, etc, due to their high energy density compared to other
conventional rechargeable batteries [14]. The motivation for developing Li metal chemistry
based battery is that Li is most electropositive as well as the lightest metal, thus facilitating the
design of high energy density energy storage system. After the discovery of the best intercalation
compound TiS; at that time, the first lithium battery was made in 1976 with Li metal as anode,
TiS, as cathode and lithium perchlorate in dioxolane as electrolyte [15]. However, safety issues
soon arised from the use of Li metal as anode, mainly due to the dendritic lithium growth during
subsequent cycles and the potential short circuiting hazards. Later on, researchers have come up
with the concept of “rocking-chair” lithium ion battery in the early 1990s and achieved huge
success since then. A simplified schematic of this concept is shown in figure 1.1, in which two
intercalation compounds are used as cathode and anode, successfully avoiding the formation of
lithium dendrite that occurs when using lithium metal. The most commonly used electrode
materials are graphite as anode and lithium cobalt oxide (LiCoO,) as cathode, both of which
have layered structures. Besides, an electrically insulating and ionic conducting porous polymer

membrane is used as separator. Electrolytes employed in the system are typically lithium salts



such as lithium perchlorate and lithium hexafluorophosphate dissolved in carbonates solvents,

for example propylene carbonate and mixture of ethylene carbonate and dimethyl carbonate.

Charger during charge
Load durlng discharge

Electrons Electrons

Separat

Figure 1.1 Schematic of rechargeable lithium ion battery
Upon charging of a lithium ion battery, lithium ions are first extracted from the cathode, then
diffuse through the separator to the anode side and then are inserted into the anode, while
electrons flow through the external circuit. Upon discharging, lithium ions reverse the motion,
flowing from anode to cathode. The amount of lithium ions that can be reversibly inserted into
and extracted out of the electrode determines one of the key parameters—specific capacity C of
the electrode. The specific capacity C can be calculated using equation (1.1) below, where Q is

the total amount of charge that can be stored and m is the weight of the electrode.

Q I*t
m

C = (1 1)
Another important parameter is the energy denS|ty, which is an integration of voltage with

the specific capacity. Voltage of the cell is calculated by subtracting the potential of the anode



from that of the cathode. In general, cathode with higher potential and anode with lower potential

is preferred, to increase the total energy density.

1.2.2 Carbon Anodes

To meet the rapidly increasing requirements of batteries, lots of efforts have been made to
improve the battery overall performance including specific capacity, lifetime, energy density and
power density, by either synthesizing new material compositions or designing new structures [14,
16]. On the anode side, graphite is the current standard material in commercialized lithium cells
thanks to its structural and chemical stability and thus long lifetime. Graphite is a two-
dimensional layered structure composed of planar hexagons of sp? hybridized carbon bonds. The
planes (or graphene sheets) are weakly bonded together by van der Waals forces into an
ABAB... stacking sequence along the c-axis, as drawn in figure 1.2 [17]. Each carbon atom is
bonded to three adjacent carbon atoms, leaving one free electron, thus forms the delocalized =
electron cloud of each graphene layer, which contributes to the good electrical conductivity of
graphite. Benefiting from its layered structure, lithium ions can intercalate in between the
graphene sheets easily and form LiCs. This LiCg stoichiometry allows a theoretical capacity of

372 mAh/g of graphite.
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Figure 1.2 Crystal structure of graphite showing the ABAB... stacking sequence

After applying graphite as a well-behaved lithium ion host, various kinds of carbonaceous
materials upon heat treated at low temperatures (< 1500 °C) are also tested as anodes. Those
carbons have lower crystallinity and more structure disorder, referred to as disordered carbon.
The carbon atoms are still arranged in a planar hexagonal network with sp? bonding, similar to
graphite, but the size and orientation of those planar crystallites can vary a lot, and thus inducing
defects and structure disorder. The structure disorder leads to different lithium ion storage
mechanisms proposed by different researchers, as shown in figure 1.3. Compared to the graphite
storage mechanism [18] shown in figure 1.3(a), Sato [19] proposed that lithium ions can be
stored in the form of Li2 covalent molecules, as shown in 1.3(b). Also, the nanopores can
function as lithium ion reservoirs [20], as plotted in 1.3(c), moreover, Dahn [21] proposed that
lithium ion can be adsorbed on both sides of the graphene layer, as schematically shown in 1.3(d).
As a result, they show a higher capability of reversible lithium ion storage than graphite, with
capacities ranging between 400 and 2000 mAh/g depending on the carbon precursor and also the

heat treatment process.
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Figure 1.3 Different lithium ion storage mechanisms in carbon materials
Later on, the unique characteristics of nanostructured electrodes make them promising
candidates for the next generation battery design. The advantages include increased
electrochemically active surface areas for charge transfer and reduction of electronic and ionic
transport resistance due to the smaller diffusion lengths. Therefore, lots of different
nanostructured carbon such as carbon nanotube and graphene, have been explored and
successfully demonstrated superior performance [2, 22]. And here, we tried different synthesis

route to fabricate nanostructured carbon materials, and tried to improve the capacity performance.

1.3 Energy Conversion Systems

While energy storage remains an issue, energy shortage is another critical issue, due to the
exhaustion of fossil fuel sources. With the sun being the most plentiful energy source for the
earth, researchers have been trying to produce electricity from the solar radiation. The discovery
of photovoltaic effect by Becquerel [23] in 1839 and the commercialization of the very first
photovoltaic cell in the early 1950s has opened new perspectives on the photovoltaic technology
development based on solar energy. Since then, the photovoltaic system undergoes rapid

development, and emerging technologies with higher conversion efficiencies such as Si solar cell,



dye sensitized solar cell (DSSC) and organic solar cell (OSC) have been commercialized. Over
the past few decades, lots of progress has been made in the improvement of the conversion
efficiencies of all those technologies. However, quite some problems still need to be addressed
before solar cells can be used as dominant energy conversion system, for example, how to
maintain the high efficiency while reducing the cost and eliminating the use of toxic materials
like gallium arsenide (GaAs). Towards this end, researchers have been on the hunt for better
materials as the light harvester in solar cells, and recently the discovery of inorganic-organic
hybrid lead halide perovskites [24] has attracted significant attention as light absorbers, which
has motivated the development of low-cost and high-efficiency perovskite solar cell through a

solution process.

1.3.1 Perovskite Solar Cells

The inorganic-organic hybrid perovskite solar cell research started back in 2009 [24] with an
initial efficiency of 3.8%. Through the past seven years’ effort, the photovoltaic conversion
efficiency has reached over 22% [25] and the stability is relatively good. This efficiency
approaches the highest efficiency of thin film solar cell based on Cu(In,Ga)Se, and exceeds that
of both conventional organic solar cells and dye-sensitized solar cells [26]. Aside from the high
efficiency and good stability, another major advantage associated with the perovskite solar cell is
that the device is fabricated through low cost solution processing.

The schematic of the perovskite solar cell is shown below in figure 1.4. In general, it consists
of both top and bottom electrode as current collector, and then another two layers for electron
and hole transport, and sandwiched in between is the perovskite layer as light absorber. Typically,
titanium dioxide (TiO2) is wused as electron conducting layer and poly(3,4-

ethylenedioxythiophene): poly(p-styrene sulfonate) (PEDOT:PSS) is used as hole conducting



layer. The device can be fabricated with a n-i-p or p-i-n structure, depending on whether the

electron transport layer is in front of the incident light or not.

Metal Electrode

Electron Transport Layer

Perovskite

Hole Transport Layer

Transparent Electrode

Tttt

Figure 1.4 Schematic of a perovskite solar cell

As mentioned above, the organic halide perovskites are used as light absorbers in the cell,
which have the crystal structure of ABXj;, where, A refers to organic cation (most often
methylammonium CH3NH3), B refers to metal cation (typically Pb), and X refers to halide anion
(usually I or ClI, Br). The band gap of this family of organic halide perovskites can be well tuned
from absorbing ultraviolet to infrared region by composition engineering [27-30]. In addition to
the tunable band structure, the high electron and hole mobility, large absorption coefficients (10°
— 10° ecm™), low exciton binding energy (< 50 meV), and long charge-carrier diffusion length
(~175 pum) also favor the application as light absorber in solar cells [31, 32]. However, to better
understand the underlying mechanism and design better devices, there are still some critical
problems remaining to be solved, for example, the current-voltage (J-V) hysteresis [33, 34] and
the device performance degradation [35, 36]. Among those problems and question marks, the

one that attracted our attention is the intrinsic ferroelectric property of organic halide perovskites.
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1.3.2 Ferroelectricity

It is well known that a number of inorganic perovskite materials such as PbTiO3 and PbZrO;
are well-behaved ferroelectrics [37]. Similarly, organic halide perovskites such as CH3NH3PbX;
(X=1, CI, Br) should also behave like ferroelectrics. At room temperature, the CH3NH3PbX;
prepared with solution processing is typically in tetragonal phase, as shown below in figure 1.5
[38], which results in asymmetric crystal structure. With such structure, both CH3NH5; ion and Pb
ion shows off-center motion, intrinsic polarization will be induced, suggesting its ferroelectric

nature [38].

O 0O ON  oc  oH

Figure 1.5 Tetragonal phase of CH3NH3Pbl;

However, there are some controversial arguments around the intrinsic ferroelectric properties
of the halide perovskites, both experimentally [39, 40] and theoretically [41, 42]. Macroscopic
ferroelectric measurement [40, 43] yielded giant apparent polarization that is largely contributed

by leakage and ionic current, which complicated the understanding and interpretation of the data.
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At microscopic level, some literature results reveal well defined ferroelectric domains [39, 44,
45], while some leading experts in this field reported neither ferroelectric domain nor
polarization switching behavior [46]. Furthermore, some researchers argue that the undesired
current-voltage hysteresis is due to the ferroelectricity [47, 48], while other researchers attribute
the high conversion efficiency to the ferroelectric properties [41, 49], which may favor the
charge separation and reduce the charge recombination. What we tried to address is to first
establish strong evidence of the ferroelectricity and then study the interplay between the

ferroelectric property and the light illumination.

1.4  Ferroelectrics and Resistive Switching

Ferroelectric materials have been used in a wide range of applications [50, 51], such as high-
permittivity dielectrics, pyroelectric sensors, piezoelectric devices, electro-optic devices, and
also energy conversion systems, due to its unique properties and superior performance. If a
material has spontaneous polarization and can be reversed by external electric field, then this
material is ferroelectric. The spontaneous polarization is in general temperature dependent, and
thus has a critical temperature, above which the material undergo a phase transformation from
ferroelectric to pyroelectric.

The very first ferroelectric material discovered is Rochelle salt (NaKC4H40¢'4H,0) back in
1921. Later on, the mostly used ceramic ferroelectric barium titanate (BaTiO3) was discovered
and used in commercial transducers. Then, more and more ferroelectric materials, including
polycrystalline ceramics [52] and polymers [53], with different material properties such as
critical phase transition temperature, spontaneous polarization and piezoelectric coefficient have

been discovered and commercialized.
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In addition to the conventional applications associated with ferroelectric materials such as
capacitor, sensor and actuators, there is also emerging application of ferroelectric thin films
resulting from the newly discovered switchable diode behavior [54]. Back in 2009, Choi et al.
[54] reported that the polarized BiFeO3 (BFO) crystals show diode like rectifying characteristics,
and the direction of the diode can be switched by polarization reversal. The switchable diode
behavior of ferroelectric material is also categorized as ferroelectric resistive switching, which is
strongly associated with the polarization switching of ferroelectrics. In contrast, another type of
resistive switching behavior is more commonly observed is non-ferroelectric transition oxides
[55] such as TiO,, which is closely related to the redox reaction and the conductive filament
formation due to the ion migration. The resistive switching behavior found in both materials
have attracted lots of research attention for its application in non-volatile memory devices
(NVM), also referring to as resistive random access memories (RRAMSs) [56, 57]. In order to
achieve robust application, the resistive switching behavior and the underlying mechanism of
how the ferroelectric polarization couples with the resistive switching becomes more and more
important, and researchers have come up with extensive characterization method using for

example atomic force microscopy.

1.5 Atomic Force Microscopy

151 Overview

Atomic force microscopy (AFM), invented by Binnig et al. in the 1980s [58], belongs to a
series of scanning probe microscopes (SPM). With the tip coming in physical contact with the
material, AFM allows imaging of the surface topography, in some cases with atomic resolution.
The capability of imaging all materials no matter hard or soft, synthetic or natural, has made

AFM attractive as a characterization tool. Therefore, AFM has experienced significant
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development, inducing more functionalities such as force measurement [59] which can provide
valuable information on material mechanical properties like elasticity and hardness.

Various techniques based on atomic force microscopy have also been developed to provide
more insights of the material properties. They can be divided into two categories according to the
tip-material interaction. The first one is non-contact dynamic AFM [60] including electrostatic
force microscopy (EFM) [61], Kelvin probe force microscopy (KPFM) [62] and magnetic force
microscopy (MFM) [63]. And the other is contact mode AFM including conductive-AFM (c-
AFM) [64], piezoresponse force microscopy (PFM) [65] and electrochemical strain microscopy
(ESM) [11, 12]. With the rapid development of new techniques, AFM has become an extremely

powerful characterization tool of multifunctional materials.

152 Kelvin Probe Force Microscopy

As mentioned above, KPFM is a non-contact dynamic AFM technique, which was first
introduced by Nonnenmacher et al back in 1991 [62]. Unlike scanning tunneling potentiometry,
which is limited to measurement on metallic surfaces, KPFM enables the imaging of surface
potential of a broad range of materials by measuring the local contact potential difference
between a conductive AFM tip and the sample based on electrostatic interactions [66, 67]. It is
one of the best tools to image the surface potential distributions with sub-nanometer resolution
[66]. When the AFM tip is brought close to the sample surface, electrons will flow from one
surface to another driven by the difference in the Fermi energy levels, until equilibrium is
established. Along with the electron flow, some net surface charge will build up on the surfaces
of the tip and the sample, which will in turn generate the contact potential difference (CPD), as
illustrated in the schematic below [66]. The CPD is a highly material-dependent parameter and

directly related to the work function of the materials. This potential difference between the AFM
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tip and sample surface causes electrostatic force interactions, which will vibrate the AFM tip.
During the KPFM scanning, the external direct-current (DC) voltage is adjusted such that the
electrostatic force between the tip and the sample becomes zero and thus the tip vibration
becomes minimized. Using such a feedback loop control, the surface potential of the sample can

be mapped out by measuring these external DC voltages.
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Figure 1.6 Schematic of the Fermi energy level of the AFM tip and the sample surface
Over the past decade, the instrumentation of KPFM has been greatly improved for a higher
spatial resolution and good repeatability. Researchers have used KPFM to study a wide range of
materials, including semiconductors [68] and metallic nanostructure catalysts [69], and also

devices such as solar cells [70, 71].

1.5.3  Piezoresponse Force Microscopy

PFM is a powerful tool to probe the piezoelectric and ferroelectric properties of materials at
the nanoscale, which was first developed and used to observe the domain structure in
ferroelectrics by Franke in 1994 [72]. PFM is a strain based probe technique, as illustrated in
figure 1.7 below. During the PFM operation, a conductive tip scans over the sample surface in
contact mode, applying a localized electric field to excite the piezoresponse. The localized
electric field causes a displacement on the sample surface which in turn leads to the bending of
the cantilever accordingly. Once the cantilever is bent to certain degree, the reflection pass of the
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laser that shines on top of the cantilever will change, which can be measured and recorded by the
photodiode. However, with some materials that intrinsically shows a relatively small response, it
becomes extremely difficult to separate the signal from the inherent noise in the system or
environment noise. Measurements of such materials will require the use of higher voltages,
which becomes undesirable for some materials due to the potential damage to the sample. In
order to non-destructively magnify the response, the alternating current (AC) voltage is applied
at or close to the resonant frequency of the tip-sample interaction so that the signal to noise ratio
can be greatly enhanced. Plotted below in the solid dots in figure 1.8 is the measured strain
response amplitude and phase with respect to the frequency of the AC voltage applied to the
AFM tip. It is clearly seen that near the tip-sample resonance frequency, the response amplitude
gets enhanced a lot and the phase response changes by 180° as well. And the black lines are the
fitted results based on the damped driven harmonic oscillator model, as illustrated in figure 1.9
[73, 74], showing a good fit. By fitting this model, the intrinsic surface deflection amplitude and

phase response can be extracted using equations (1.2) and (1.3).

Figure 1.7 Schematic illustration of strain based SPM, for example, PFM
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Figure 1.9 Schematic of the damped driven harmonic oscillator model
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In the above governing equations, w, is the resonance frequency, Q is the quality factor, and
Agrive aNd @ 4rive COrresponds to the intrinsic surface deflection amplitude and phase, which can

all be quantified by doing the model fitting. With such method, in theory we can map out not
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only the intrinsic piezoresponse under an external AC voltage excitation, but also the domain
orientation of a ferroelectric material, in which 180° phase contrast is expected for domains with
opposite orientations. To better characterize the piezoelectric and ferroelectric properties at the
nanoscale, some novel techniques based on PFM have been developed, including dual amplitude
resonance tracking PFM[75] (DART-PFM), switching spectroscopy PFM[76] (SSPFM), band

excitation PFM[77] (BE-PFM), and | will be using some of those in my later work.

1.5.4  Electrochemical Strain Microscopy

ESM is a relatively new technique for studying the nanoscale electrochemistry of energy
storage and conversion systems mentioned above. ESM was first developed by Sergei Kalinin at
Oak Ridge National Laboratory a few years ago [11, 12], and the underlying mechanism is quite
similar to the more well-established and better-understood PFM, which is discussed in previous
session. Application wise, since ESM is capable of detecting strains or displacement on the order
of picometers, it is capable of studying a wide range of electrochemical systems such as lithium
ion battery electrodes [78] and solid oxide fuel cell electrolytes [79].

However, unlike the well understood behaviors of piezoelectric and ferroelectric materials
studied with PFM, the electrochemical processes and the resulted responses measured with ESM
can be rather complicated due to multiple factors contributing [80-82], such as electrostatic

interactions, and induced dipoles, causing the data interpretation quite difficult and challenging.

155 Conductive Atomic Force Microscopy

CAFM measures the electrical properties of the material by passing a voltage across the
sample and measure the current flow between the conductive AFM tip and the sample. The

advantage of CAFM is that both collecting a current and topography map of a sample surface at
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a fixed DC voltage bias and measuring the current-voltage characteristics at specific locations by
sweeping the voltage can be realized. Also, instead of applying a voltage to the tip in PFM and
ESM, here the DC voltages are applied directly to the sample surface and the tip is virtually
grounded, which is connected to a current amplifier for measurement. Figure 1.10 below shows a
simplified illustration of how the current flow is measured using a resistor R and a current

amplifier.

Figure 1.10 Schematic of how CAFM works
As a powerful current sensing technique for electrical characterization of conductivity
variations in resistive samples, CAFM has been mostly used on including thin dielectric films

[83], ferroelectric films [84], nanotubes [85], conductive polymers [86], and others.

1.6 Dissertation Overview

This dissertation covers research performed over the past five years in both synthesizing and

characterization of nanostructured electrochemical materials. Chapter 2 talks about the synthesis
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of carbon nanofibers through electrospinning and post annealing steps, characterization of
electrochemical performance as lithium ion battery anode, and also further process optimization
to achieve better performance. Chapter 3 continues with nanostructured carbon films synthesis
for lithium ion battery application using nanoimprint lithography. Chapter 4 and 5 covers the
characterization aspect using scanning probe microscopy, with chapter 4 focusing on studying
CH3NH3Pbl; for solar cell application and chapter 5 focusing on studying the switchable diode
behavior of the bio-ferroelectric elastin and tropo-elastin. Finally, Chapter 6 will summarize the

research covered in this dissertation and present some ideas for future work.
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Chapter 2. CARBON NANOFIBER ELECTROSPUN FROM
POLYVINYLPYRROLIDONE FOR LITHIUM
ION BATTERIES

2.1 Motivation

Lithium ion battery has become one of the most important energy storage devices since its
first commercialization in 1991. Thanks to the high energy density[87], lithium ion batteries
have been widely used in small portable electronic devices and extended to large scale
applications such as electric and hybrid electric vehicles[1, 88]. With the rapid increasing
demand for energy, researchers have been focused on developing alternative electrode materials
to achieve higher energy and power densities, better rate performance and longer lifetime[1, 2,
89-92].

The success of graphite as the most commonly commercialized lithium ion battery anode has
driven researchers’ attention in exploring different carbon structures, trying to overcome the
disadvantages of graphite such as low specific theoretical capacity (372 mAh/g) and limited rate
capability. To improve the current state of art graphite anode, various nanostructured carbon
materials have been studied, including carbon nanotubes[93], nanofibers[94], nanofoams[95],
graphene[96] and their composites[97, 98]. In particular, porous carbon nanofiber stands out, for
the reason that not only the one dimensional nanostructure shortens the diffusion length for
lithium ions but also the porous structure offers large electrode/electrolyte interface for charge-
transfer reaction to happen[99]. Besides, the typical synthesis method is electrospinning, which
is one of the simplest and most effective technologies to produce nanomaterials in a cost

effective fashion.
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In this work, solution-based electrospinning combined with thermal treatment is adopted to
produce porous carbon nanofibers. Post activation process is also carried out to further improve
the porous structure. Polyvinylpyrrolidone (PVP) instead of polyacrylonitrile (PAN) is chosen to
be the carbon precursor. Even though PAN is the most commonly used carbon precursor for
electrospinning due to its high melting point and large carbon yield [100, 101], it has the
disadvantage of low solubility and compatibility with many organic solvents and also relatively
high cost. While in contrast, PVP is easily dissolved in ethanol, water and many other solvents,

low cost and environmentally-friendly as well.

2.2 Principles of Electrospinning

Electrospinning, or electrostatic spinning is a versatile method that allows the fabrication of
continuous fibers with diameters ranging from a few nanometers to micrometers [102-105]. This
technique can be applied to a wide variety of materials, including polymers, ceramics and
composites, also fibers with complex structures, such as core-shell fibers [106, 107] and hollow
fibers [108, 109] can be fabricated. In recent years, electrospinning has been increasingly used in
the field of sensors [110], energy storage devices [94, 111], filtration [112] and tissue
engineering [113, 114]. The basic setup consists of three major parts: a grounded collector, a
spinneret with metallic needle and a high voltage power supply, as shown in figure 2.1. A
polymer solution or melt is loaded into a syringe first and then can be fed through at a constant
rate controlled by the syringe pump. With a high voltage applied, the solution experiences two
types of electrostatic forces: the electrostatic repulsion between the surface charges and the
Coulombic force induced by the external voltage, which together distort the solution into a
conical object, known as the Taylor cone. When the applied electric field overcomes the surface
tension of the solution, the ejection of a liquid jet forms and undergoes a stretching and whipping
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process. The liquid jet is then continuously elongated and thinned until deposited on the

grounded collector.

—— Syringe
- I Polymer Solution
+—— Needle
—— Liquid Jet
CV —Power Supply
~— Collector —

Figure 2.1 Schematic of electrospinning process

It has been found that the fiber morphology and uniformity depends on many parameters,
which can be divided into three main categories: solution properties, processing conditions and
ambient conditions. Solution properties include viscosity, molecular weight, concentration,
electrical conductivity and surface tension. For example, beads are less likely to form for more
viscous solutions but fiber diameter gets larger. However, if the viscosity is too high, it becomes
extremely difficult to force the solution through the needle, making the solution flow unstable.
Processing conditions include the applied voltage, distance between needle tip and collector, feed
rate and needle diameter. With varying voltage supply and distance, the fiber diameters can be
finely tuned and the formation of spheres can be eliminated. The last category includes
temperature and humidity, which plays an important role in the solvent evaporation process.

To summarize, electrospinning is a versatile and easy to scale up technique to produce fibers

with tunable structures for a wide range of applications. In this research project, we employ this

23



technique to fabricate porous carbon nanofiber (CNF) with high surface area and study the
performance of those nanofibers as lithium ion battery anode. In order to carbonize the
polyvinylpyrrolidone fibers without losing the fibrous structures, structural characterization is

also performed to help identify the optimal heat treatment process.

2.3 Synthesis and Characterization of Carbon Nanofiber

2.3.1 Identifying the Heat Treatment Process

To synthesize carbon nanofiber, we first started with preparing precursor by dissolving
polyvinylpyrrolidone (PVP, My, = 1,300,000) in ethanol to form a clear solution with a moderate
viscosity. The solution was then loaded to a 5 mL syringe connected with a 22G stainless steel
needle, which was then pumped out through the needle at a constant rate of 0.8 mL/h. All the
samples were electrospun at a voltage of 16 kV applied at a distance of 14 cm from the needle to
the collector. Scanning electron microscope (SEM) images of the as-pun fibers are shown in
figure 2.2. As can be seen, long PVP nanofibers with uniform diameter around 600 nm were

obtained after electrospinning.

; = HV | WD | M :
3 —10 um— W) 5 1y |5 mm | 17745 3 —1 a—

Figure 2.2 SEM images of the as-spun PVP nanofibers
The next step is to carbonize the PVP fibers while maintaining the fibrous structure. The first

route we tried was the typical two-step heat treatment process for carbonizing PAN nanofibers,

24



including pre-oxidation at 360 °C and carbonization at 800 °C. However, the fiber morphology

was completely lost, as shown in figure 2.3.

Figure 2.3 SE image ofthe fibers after pre-oxidatin and carbonization

In order to identify the appropriate heat treatment process, thermal analyses including
Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC) were carried
out. As seen from the TGA curves in figure 2.4 (A), the as-spun nanofibers lose a small amount
of weight around 100 °C, and there is a corresponding large heat adsorption peak in the DSC
curves as shown in figure 2.4 (B). Such weight loss and heat adsorption are believed to be caused
by solvent evaporation, and in order to mitigate such effects and stabilize the fiber morphology,
PVP nanofibers were first heated at 150 °C to remove all the solvents, followed by carbonization
at 800 °C. This stabilization process indeed leads to nanofibers with inter-connected structure as
shown in figure 2.5 (A), though these fibers appears to be flattened and quite different from those
PVP fibers. Meanwhile, TGA and DSC curves of the stabilized PVP nanofibers in figure 2.4
show significant weight loss starting at 210 °C and large heat adsorption peak around 412 °C. As
such, a pre-oxidization process at 360 °C was added in between stabilization and carbonization.
Then, the final carbonization step was carried out at 800 °C under inert gas flow (nitrogen or
argon), when oxygen, hydrogen and other foreign atoms are released as compounds such as CO,,

CO, CH4 and also H; gas is released, turning the final product to a carbonaceous material.
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However, some small amounts of oxygen and nitrogen still remain as impurities and the
complete removal requires further heating to above 1500 °C.

We also noticed that the PVP nanofibers must be stabilized sufficiently long enough to
maintain the fibrous structure. For example, if the stabilization step is only held for 6 hours
followed by the same pre-oxidization and carbonization process, the structure as shown in figure
2.5 (B) was obtained, where nanofibers seem to collapse into larger fibers. In contrast, once the
stabilization step at 150 °C is kept for 24 hours or longer, the resulted carbon nanofibers, as

shown in figure 2.5 (C) exhibit uniform fibrous structures, as desired.

(A 2| (B)
100 |- | 111

111

o
2 T

80 |-

|
N
' T

60 |-

40 -

Mass (%)

Heat Flow (mW)
& IS

20 -

'
[ed]
—T T

0

1 1 1 1 1 1 1 1 _10 1 1 1 L 1 1
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600

Temperature (°C) Temperature (°C)

Figure 2.4 (A) TGA curves and (B) DSC curves of (1) as-spun PVP nanofibers, (1) stabilized

PVP nanofibers, and (I11) pre-oxidized PVP nanofibers
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Figure 2.5 SEM images of fibers after different treatments: (A) stabilized and then
carbonized; (B) stabilized for 6 hours (C) stabilized for 24 hours

In addition to TGA and DSC, Fourier Transform Infrared Spectroscopy (FTIR) was also
conducted on the PVP fibers and fibers after each heat treatment step, so that the molecular
structure changes could be examined. As can be seen in the spectra displayed in figure 2.6,
stabilization process at 150 °C does not change the molecular structure; while significant
differences can be observed when comparing the spectrum of pre-oxidized fibers with that of
PVP fibers. The spectra show that the typical CH, stretching vibration at 2950 cm™ and C-N
stretching vibration at 1288 cm™ disappeared after pre-oxidation, suggesting that the side chain
was destroyed. And the carbon atoms on the main chain gets oxidized to form the carbon
hydroxyl group (C-OH) bonding, and the hydroxyl group contributes to the broad remaining

peak around 3500 cm™.
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Figure 2.6 FTIR sectra of (I) as-spun PVP nanofibers, (1) stabilized PVP nanofibers, and (1)

pre-oxidized PVP nanofibers

2.3.2 Structural Characterization

An appropriate heat treatment process thus is identified to convert the as-spun PVP
nanofibers to CNFs, consisting of stabilization at 150 °C in air for 24 hours, pre-oxidization at
360 °C for 4 hours in ambient environment, and carbonization at 800 °C under nitrogen flow for
4 hours. Figure 2.7 shows the representative SEM images of the fibers after each heat treatment
step. The PVP fibers and the fibers after stabilization exhibit long and uniform shape with
diameters of around 600 nm. The pre-oxidized nanofibers as shown in figure 2.7 (C), on the
other hand, have reduced diameters of around 500 nm, and some of the nanofibers appear to be
broken into shorter fibers, suggesting substantial structure changes consistent with the FTIR
spectra. After carbonization, both the diameter and the length of the fibers get further reduced, as

seen in figure 2.7 (D).
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Figure 2.7 SEM images of (A) as-spun PVP nanofibers, (B) stabilized PVP nanofibers, (C)
pre-oxidized PVP nanofibers, and (D) carbon nanofibers
We also took a look at those CNFs under TEM. As shown in figure 2.8 (A), the fibers are
quite dense and uniform. The selected area electron diffraction (SAED) pattern in the inset
shows broad diffraction rings, suggesting that the CNFs are amorphous. This is also confirmed
by XRD pattern shown in figure 2.8 (B), where no obvious peak is observed at 26=26° that
would correspond to the typical (002) layer of graphite [115]. Such amorphous structure of CNFs
could be due to the low carbonization temperature of 800 °C, while the typical graphitization

temperature to get good crystalline graphite is around 2800 °C or higher [116].
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Figure 2.8 Structure of CNFs (A) TEM image of CNFs, with the inset showing the SAED

pattern; and (B) XRD pattern of CNFs

2.3.3  Optimizing the Heat Treatment Process

With the structural characterization confirming that we have successfully synthesized carbon
nanofiber, the next step is to change the heat treatment process parameters to optimize the
structure. With the treatment temperature fixed, we studied the effect of different heating rates.
Four combinations of fast/slow pre-oxidization and fast/slow carbonization were investigated
and the porous properties were evaluated by physical adsorption of nitrogen at 77 K in a
volumetric adsorption system (Quantachrome Nova 4200E). The representative nitrogen
adsorption-desorption isotherm curve is displayed in figure 2.9. It does not behave like any
typical isotherm among the four different types defined in the Brunauer classification [117, 118].
Instead, it’s more like a combination of both type I (microporous) and type IV (mesoporous)
isotherm behavior. Using the Brunauer-Emmett-Teller (BET) theory, the specific surface area,
the micropore and mesopore volume, and the averaged pore size of the sample evaluated can be
calculated [119]. The calculated BET specific surface areas of the four CNFs samples are
summarized in table 2.1 and the corresponding SEM images are shown in figure 2.10, where

CNFs with excellent morphology are observed in all the samples. Due to the different heating
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rates, fiber diameters vary a lot. CNFs treated with fast pre-oxidation but slow carbonization
have the largest average diameter of around 700 nm, while those treated with slow pre-oxidation
and slow carbonization have smallest average diameter of around 300 nm. In addition, the
nitrogen adsorption measurements suggest that the heating rate has a large influence on the
porous properties of CNFs, with the fast pre-oxidization and fast carbonization process
producing the largest specific surface area, as can be seen in table 2.1, while fast pre-oxidization
and slow carbonization producing the second largest surface area, suggesting that fast pre-

oxidization is necessary.
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Figure 2.9 Representative nitrogen adsorption-desorption isotherm

Table 2.1 The effect of heat treatment parameters on the porous properties of CNFs

Sample @ Pre-oxidation heating rate | Carbonization heating rate = BET surface area

A 60 °C/min 80 °C/min 512.4 mlg
B 60 °C/min 5 °C/min 267.5 m’/g
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C 1 °C/min 80 °C/min 131.2 m?/g
D 1 °C/min 5 °C/min 63.19 m’/g

[/
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Figure 2.10 SEM images of carbon nanofibers with different heat treatment parameters as

listed in table 2.1

2.3.4  Performance of CNF as Li-ion Battery Anode

As an example to demonstrate the potential applications of porous carbon nanofibers, the
electrochemical performances of those CNFs as lithium ion battery anode were examined,
described as followed.

The collected CNFs were grinded into powders and then mixed with polyvinylidene fluoride
(PVDF) as binder with the weight ratio of 9:1. Then sufficient amount of n-methyl-2-pyrrolidone
(NMP) was added as solvent and the mixture was grinded for another about half an hour to get
homogeneous slurry with the texture similar to honey. The slurry was then spread onto a clean

copper foil with doctor blade and dried at 80 °C for 12 hours to fully remove the NMP solvent.
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After the overnight drying process, the carbon electrodes were punched into multiple disks and
ready for the battery assembly. The coin cells are assembled in a glove box filled with argon,
with lithium metal as counter electrode and 1 M lithium hexafluorophophate (LiPFg) dissolved in
a mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) (1:1 by weight) as
electrolyte. Galvanostatic cycling charge/discharge was then performed with the constant rate of
C/5 and voltage window of 0.01-3V.

The capacity performance and voltage profile displayed in figure 2.11 are the data collected
from the fast pre-oxidized and fast carbonized CNFs which possess most pores and exhibit
highest specific surface area. A very large irreversible capacity loss during the first cycle is
observed, which is believed to be caused by the formation of solid electrolyte interface (SEI)
layer and some side reactions with those residual nitrogen, oxygen and hydrogen atoms due to
the low temperature carbonization process. After the first cycle, the capacity is much more
stabilized and well maintained at 215 mAh/g. In the voltage profile as shown in figure 2.11 (B),
there are no obvious plateaus other than the first discharge process, indicating that the
intercalation of lithium ion is a continuous process and the porous structure plays an important
role in storing lithium ions. However on the other hand, the as resulted voltage hysteresis, which
is defined by the voltage difference between the voltage of lithium ion insertion during discharge
process and the voltage of lithium ion extraction during charge process, does not favor the
application of such material. Even though the specific capacity is not comparable to the
commercialized graphite which has a specific capacity of 372 mAh/g, there is still much room

for improvement, for example, substantial activation process can be carried out.
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Figure 2.11 Battery performance of CNFs as lithium ion battery anode, (A) cycling

performance and (B) voltage profile of 1st and 10th cycle

2.4  Activation of Carbon Nanofiber

Previous work has demonstrated the synthesis of porous CNFs using electrospinning
technique, with moderate pore structure. With the rapid development of lithium ion battery
electrodes, researchers have demonstrated that micropores and mesopores can both function as
reservoirs for storing Li-ions, therefore, the capacity can be greatly improved with more pores.
Thus, we tried to further improve the as-synthesized CNFs by physical activation, trying to
create more pores. There are two types of activation for carbon samples: physical and chemical
[120]. Chemical activation typically involves reacting with certain chemicals such as potassium
hydroxide (KOH), or sodium hydroxide (NaOH) at temperatures between 450 and 900 °C, where
it is believed that activation and carbonization happens at the same time. Physical activation
typically refers to heat the sample at elevated temperatures in an oxidizing environment, such as
under the flow of oxygen, carbon dioxide, air or steam. In both processes, carbon reacts and
some disordered carbons are removed, resulting in a mass loss [120]. The amount of mass loss
during the process depends on multiple parameters such as the temperature and duration, and

thus can be tuned for specific applications. With a 50% activation, meaning weight loss after
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activation is 50 %, new micropores are exposed, leading to a higher surface area, while higher

level activation leads to larger average pore size but smaller surface area [121].

24.1 Identifying the Activation Process

Here in this study, we chose the physical activation process thanks to its simplicity and not
involving any new hazardous chemicals. In order to determine an appropriate activation process
to get an optimal porous structure, thermal analysis was first carried out on the synthesized CNFs
with the help of TGA. Figure 2.12 shows the weight change when the CNFs were heated at
5 °C/min under constant air flow. As discussed above, a 50% level activation can lead to higher
surface area with more exposed micropores, which should favor more lithium ion storage in

theory. Therefore, we chose 50% weight loss as the criterion and found that 420 °C to be the

activation temperature.
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Figure 2.12 TGA measurement of CNF under air flow
In summary, the same electrospinning and three step heat treatment process as described in
the previous session is still used to prepare the CNFs. Then those CNFs are heated to 420 °C in

an oxidizing environment (constant air flow) with the ramp rate of 5 °C/min for activation,
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followed by heat treated at 800 °C under nitrogen flow to remove some organic residuals formed

during the activation process.

24.2 Structural Characterization

Morphology of the nanofibers before and after activation was examined using SEM, and the
images are shown below. In general, the activated CNFs still maintain a good fibrous
morphology and there is no obvious change of the fiber diameter. However, there are more
exposed pores on the surface of the activated CNFs compared to the CNFs, as can be seen in

figure 2.12 (C) and (D).

Figure 2.13 SEM images of (A) CNF, and (B,C,D) activated CNF

To further study how well the activation process works to improve the porous structure,
physical adsorption of nitrogen at 77 K were measured on those nanofibers before and after

activation for direct comparison. The nitrogen adsorption/desorption isotherm of activated CNFs,
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as shown in figure 2.14 (B), displays a more obvious plateau, suggesting a more microporous
behavior compared to the CNFs. The calculated BET surface area and statistics of the
micropores and mesopores are summarized in table 2.2. Not only the total specific surface area
gets increased by about 50% after the activation, but also the micropore size and volume gets
much bigger. However, there are less mesopores present in the activated CNFs, which is not
quite understood yet. This all together leads to a more microporous and less mesopours behavior

of the activated CNF, which is consistent with what the isotherm suggests.
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Figure 2.14 Nitrogen adsorption/desorption isotherm of (A) CNFs and (B) activated CNFs

Table 2.2 Summary of the porous property before and after activation

CNF Activated CNF
BET surface area 462.5 m°/g 672.3 m“/g
Micropore size 0.9nm 1.62 nm
Micropore volume 0.238 cclg 0.361 cc/g
Mesopore size 3.208 nm 3.658 nm
Mesopore volume 0.0368 cc/g 0.028 cclg

24.3 Performance of ACNF as Li-ion Battery Anode

The BET results have shown that after activation, the nanofibers possess about 50% more

micropores with larger average pore size, which in theory should favor the storage of lithium
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ions. Thus, following the exactly same electrode preparation process and coin cell assembly
process described in session 2.3.4, galvanostatic charge/discharge test was performed to measure
the electrochemical performance of activated CNFs as lithium ion anode. Measurements of
CNFs were also performed as control and comparison. In the cycling charge/discharge
experiments, the rate was fixed at C/5 and the voltage window was chosen in between 0.01 V
and 3.0 V. There exists an obvious irreversible capacity loss after the first discharge process for
both CNF and activated CNF and the reason for that has been discussed previously. It is clear
that activated CNFs demonstrates about 50% higher capacity than CNFs throughout the fifty
cycles measurement, consistent with the 50% higher specific surface area and 50% larger
micropore volume as well, and thus confirms our hypothesis that more micropores would favor
the storage of lithium ions. The advantages of activated CNFs are: firstly, the one dimensional
nanostructure provides a short path for electrolyte diffusion, and more importantly, the large
amount of micropores with a large diameter (1.62 nm) can function as lithium ion reservoirs and

thus improve the capacity.
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Figure 2.15 Battery performance of CNFs and activated CNFs
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2.5 Summary

Electrospinning has been proved to be a versatile technique in the synthesis of functional
materials for energy storage systems such as lithium ion batteries. In this chapter, synthesis of
carbon nanofibers with moderate porous structures using electrospinning technique has been
demonstrated. And efforts have been made to replace the mostly used carbon precursor PAN and
NMP solvent, which is fairly expensive and toxic, with environmentally friendly and low cost
PVP and ethanol solvent. A new three step heat treatment process has been identified to ensure
the fibrous structure well maintained after substantial carbonization and different heat treatment
parameters have been investigated to achieve a moderate porous structure of the final product:
carbon nanofiber. Structural characterization has confirmed the amorphous nature of the low
temperature pyrolyzed carbon.

With the help of substantial physical activation in an oxidizing environment, the activated
carbon nanofibers possess a larger amount of micropores with a larger average diameter
compared to the as-synthesized carbon nanofibers. Both the carbon nanofibers and activated
carbon nanofibers have demonstrated promising capabilities as lithium ion battery anode,
particularly the activated carbon nanofibers show much enhanced performance. However, there
is still much room for improvement, not to mention that the specific capacity is still lower than
the commercialized graphite anode. One important drawback of the carbon nanofibers is the
large irreversible capacity loss during the first cycle. A method to reduce the capacity loss would
have to be developed in order for this carbon nanofiber to be feasible for practical applications.
Furthermore, those carbon nanofibers are also promising candidates for making composites with

for example, silicon and tin, improving the electrical conductivity while also providing structural
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support to help release the large mechanical stress produced during the lithiation process due to

the large volume expansion.
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Chapter 3. NANOIMPRINTED CARBON ANODES FOR LITHIUM
ION BATTERIES

3.1 Motivation

3.1.1 Introduction of Lithography Technologies

Nanopatterning technology has attracted increasing attention since it demonstrated the high
potential in improving the performance of many devices such as microelectromechanical systems
(MEMS) [122, 123], LEDs [124], solar cells [125, 126] by creating the patterned structure.
Various emerging techniques have demonstrated their capabilities in fabricating patterned
nanostructure successfully on a large scale. Among those, the growth of soft lithography,
photolithography and imprint lithography has exploded since the early 1990s.

Photolithography is mostly used in microelectronics industry, particularly all integrated
circuits are fabricated using this technique. The process starts first with spin-coating a layer of
photoresist on a silicon wafer and then transferring the pattern to a photoresist layer by exposing
it to intense light. Then a liquid or plasma chemical agent removes the uppermost layer of the
wafer in the areas that are not protected by the photoresist, followed by the final removal of the
photoresist layer.

In contrast, soft lithography [123], a non-photolithographic method, uses an elastomeric
material typically polydimethylsiloxane (PDMS), which patterned with relief structures, for
patterning two- and three-dimensional structures with minimum feature size down to the region
of 50-100 nm. This rather new lower-cost technique is more compatible with a broad range of
materials and has been widely used in biotechnology [127]. One form of soft lithography, the

microcontact printing (LCP) involves the application of “ink™ onto the elastomeric stamp and the
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molecular/atomic-level contact between the stamp and the substrate for transferring the ink onto
the substrate. The ink molecules form self-assembled molecules during the process such that
MCP can be used to pattern organic groups useful in cell biology [128].

Nanoimprint lithography [129, 130], first developed by Prof. S. Y. Chou and his team in
1995, is a nanopatterning technique based on external force and has demonstrated the capability
of patterning sub-25nm structures over a large area. The process contains two major steps. The
first is the imprint step in which a stamp with surface relief nanostructures is pressed onto a thin
resist cast on a substrate during which a combination of heat and force is applied. Then the
pattern transfer is finished with an anisotropic etching process to fully remove the residual resist
in the compressed area. The temperature during the imprint step is typically higher than the glass
transition temperature of the resist so that the resist becomes a viscous liquid and can be readily

deformed into the shape of the stamp.

3.1.2 Nanoimprint Lithography

As mentioned above, photolithography is an optical method for transferring the pattern,
therefore it cannot surmount the so-called “100 nm barrier” despite its wide application in
microelectronics industry. The “100 nm barrier” is a critical value in reducing the feature size,
determined by a combination of optical diffraction and short-wavelength cutoff to the
transparency of the optical materials used as lenses [123]. Therefore, the resolution of
photolithography is strongly limited. While nanoimprint lithography is based on direct
mechanical deformation, therefore, it does not subject to the “100 nm” limitations. Researchers
have successfully reported uniform large-scale patterning of structures down to 5 nm using

nanoimprint lithography. Besides, nanoimprint lithography is a versatile, low-cost and high-
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throughput alternative technique for industry applications. Considering all those advantages,

nanoimprint lithography is chosen as the patterning method in this part of study.

3.1.3  Advantages of Patterned Structure for Li-ion Batteries

Even though lithium ion battery has achieved great success in commercial portable
electronics, the conventional two-dimensional battery electrode structure limits the power and
energy density. Several strategies have been developed to overcome those limitations, including
nanostructuring the electrode [131, 132] and reconfiguration of the electrode structure [133-135].
By appropriate nanostructuring, the kinetics of the electrode/electrolyte reaction can be well
improved, resulting in faster reaction and diffusion and thus better electrochemical performances
[92]. For the other strategy, changing the conventional two-dimensional electrode design to
three-dimensional can provide efficient ion and electron transport to potentially double the
energy density by fully utilizing the space. The three-dimensional patterned architecture could
also help accommodate the volume expansion during lithiation as well as reducing the
mechanical stress [136], which can help maintain good cyclability and long lifetime.

In this research project, we combine nanoimprint lithography with the three-step heat
treatment process we identified which can successfully carbonize PVP while maintaining the
structure integrity, to fabricate carbon electrodes with three-dimensional patterned structure. The
electrochemical performance of the patterned carbons is studied and scanning probe microscopy

technique is applied to understand the nanoscale electrochemistry.
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3.2 Synthesis of Imprinted Carbon

3.2.1 Synthesis

The process of fabricating three-dimensional patterned carbon consists of three major steps,
as illustrated in figure 3.1. Firstly, PVP, the same carbon precursor as used in previous chapters,
is dissolved in ethanol to form a homogeneous solution with moderate viscosity for spin-coating.
Titanium foil with 0.25 mm thickness is used as both substrate for spin-coating and current
collector for lithium ion battery assembly. The film thickness is adjusted to about 3 um by
controlling the solution concentration and spin rate. One step spinning at 1500 revolution per
minute (rpm) for 20 s is used to get uniform deposition. After spin-coating, the as-deposited PVP
film is dried at 55 °C for half an hour. Then, a hard Si stamp containing surface relief features is
pressed into the PVP film under a controlled pressure, at a temperature above its glass transition
temperature (150 °C). The stamp we use is a one-dimensional line grating with a period of 3 pum,
line width of 2 pum and feature depth of 120 nm. The imprint process takes less than three
minutes to fully transfer the pattern. After cooling down to room temperature and releasing the
pressure, the stamp can be easily separated from the film, transferring the patterned feature of the
stamp in a reverse fashion. Finally, the same three step heat treatment process is applied to

carbonize the imprinted PVP film.
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Figure 3.1 Synthesis process: (A) schematic of patterning the PVP film using nanoimprint
lithography, (B) flow chart of the heat treatment process after imprint
To verify the complete transfer of the pattern structure, the imprinted PVP film is examined
using atomic force microscope (AFM) and also scanning electron microscope (SEM), as shown
in figure 3.2. The AFM topography scanning shows that the structure of the imprinted PVP film
consists of 1 um line gratings with depth of 120 nm, which exactly corresponds to the structure
of the stamp. Moreover, SEM image under low magnification suggests that the pattern transfer
can be accomplished on a large scale, as can been seen in figure 3.2 (B) where a large area of the

film is patterned uniformly with minimal defects present.
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Figure 3.2 Microstructure of imprinted PVP film, (A) AFM 3D topography over an area of
20*20 um2, (B) SEM image at 500x magnification

In the meantime, AFM topography mappings of the imprinted PVP film and the film after
each heat treatment step allows us to track the change of the pattern structure profile across the
surface, as shown in figure 3.3. The mappings confirm that the three-step heat treatment process
successfully maintains the patterned structure, though the pattern feature depth shrinks from 120
nm to about 45 nm after pre-oxidation and further reduces to about 15 nm after carbonization,
while on the other hand, the shrinkage of pattern width is much smaller. The shape of the feature
edge also turns to more rounded after the carbonization process instead of the initial square shape,
as shown in figure 4.4. Furthermore, the film thickness measured by a profilometer also
decreases from about 3 um for the imprinted PVP film to about 300 nm for the imprinted carbon
film, and similar vertical shrinkage has also been reported in previous work on photoresist-

derived carbon films [137].
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Figure 3.4 AFM 3D topography of the imprinted carbon film

3.2.2 Structural Characterization

The chemical structure and elemental composition of the imprinted carbon film was then
investigated with X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy. XPS can
help quantitatively analyze the elemental composition while Raman can help understand the
carbon atomic bonding. In the XPS spectrum shown in figure 3.5 (A), carbon, nitrogen and
oxygen peaks are clearly identified and labeled. Quantitative analysis was carried out based on
the area under each corresponding characteristic peak and the calculated results are listed in table
3.1. Compared with the precursor PVP, a relatively large amount of oxygen and nitrogen atoms
were present in the carbon film, which is possibly due to the low carbonization temperature,
600 °C in this case. Previous reports claim that nitrogen and oxygen atoms in the organic
polymers will be completely burnt off only when the heat treatment temperature is higher than
1500 °C [138, 139].

Then we also performed Raman measurement using a green laser with the wavelength of 514

nm as the excitation source. The Raman spectrum as shown in figure 3.5 (B) exhibits
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characteristic features of graphitic materials, with two broad overlapping peaks, among which
the D peak centers around 1365 cm™ and the G peak centers around 1580 cm™. The G band is
associated with the in-plane vibration of sp>-bonded carbon atoms in graphite lattice and has Ejg
symmetry. The presence of G band suggests that the sample is graphitic carbon, containing sp?
carbon network. The D band is a breathing mode of A;y symmetry and only becomes active in
the presence of disorder. This D band does not exist in perfect graphite, therefore, the peak
intensity ratio of D band over G band is always used to determine the degree of graphitization.
With a higher value of I(D)/1(G), the degree of graphitization becomes lower and the degree of
disorder and defects in the material becomes higher [140, 141]. Fitted using Gaussian-Lorentzian
mixed shape [142, 143], the intensity ratio of the D band to G band was found to be 3.27. Then

the in-plane graphitic crystallite size L, is estimated to be 1.35 nm with the relationship
Lo(nm) = 4.4 * (i—[’)‘1 [144]. The relatively large value of I(D)/I1(G) along with the widening of
G

the peaks suggests the existence of a large amount of disordered carbon or structural defects.
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Figure 3.5 Structural characterization of the imprinted carbon film: (A) XPS spectrum and (B)

Raman spectrum
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Table 3.1 Table 3.1 Element composition of PVP and the imprinted carbon film calculated
from XPS

Atomic percent % PVP (C¢HgNO), | Imprinted Carbon

Carbon 75 84.50+0.94
Oxygen 125 9.84+0.62
Nitrogen 125 5.66+0.33

The imprinted carbon film is designed to be used as lithium ion battery anode directly
without any additional conductive filler. Therefore, to make sure it can provide an efficient
pathway for electron flow, we also carried out conductive-AFM (c-AFM) experiments, where
current was measured with a conductive SPM probe in contact with the sample surface when a
known direct current (DC) bias is applied to the sample. Combining the current measurement
with contact mode AFM imaging, c-AFM can simultaneously map the topography and current
distribution. Figure 3.6 (A) shows the current mapping overlaid on 3D topography of the
imprinted carbon film in a 5.5x5.5 um’ area under a 3 V DC bias, showing a nice contrast
between the trench and top part. Furthermore, I-V curves were measured using a linear voltage
sweep from -500 mV to +500 mV on six randomly chosen locations on both the trench and top
parts, also suggesting higher current response from the trench parts. The measured current

contrast between the top and trench part is due to the height difference which contributes to the
length of the electric conduction L in the equation R = p%. Besides, the measured current

response of I-V curves is higher than that of current mapping, due to different electrical contact.
Basically, I-V curve is a static measurement done point by point where the probe sits on top of
the point during the measurement, compared to the dynamic measurement of the current
mapping where the probe sweeps across the sample surface. Therefore, I-V curve measurement

has better electrical contact between the probe and the sample surface, resulting in higher current
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response. The averaged current response shown in figure 3.6 (B) was on the same order of
magnitude of that of multi-wall carbon nanotubes reported by Hietschold’s group [145],
suggesting a good electrical conductivity of the imprinted carbon film. Ideally, the I-V curve
should be linear following Ohm’s law as a conductor; however, experimental I-V curve is the
superposition of majority Ohmic behavior and minor non-Ohmic behavior due to the residual

organic components as a result of low heat treatment temperature.
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Figure 3.6 Conductive-AFM characterization of the imprinted carbon film: (A) current
mapping overlaid on 3D topography under a 3 V DC bias, and (B) the averaged I-V curves

recorded at six random locations of the top and trench parts

3.3  Performance of Imprinted Carbon

To evaluate the electrochemical performance of the imprinted carbon film, half-cell
configuration is used with lithium metal as counter electrode and 1 M LiPFg in EC/DMC as
electrolyte. Figure 3.7 shows the galvanostatic cyclic performance evaluated at a current density
of about 20 pA cm™ with the potential window of 0.01-2.8 V (vs. Li*/Li). The high irreversible
capacity loss and low Coulombic efficiency of the first cycle is the same as the performance of
carbon nanofiber discussed in Chapter 2. After the first cycle, the coin cells maintained a

relatively high Coulombic efficiency of about 96%. The specific capacity of the imprinted
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carbon after charge/discharge for 98 cycles is 1.53+0.06 Ah cm™ averaged over 8 samples, more
than 100% higher than the theoretical capacity of graphite (0.75 Ah cm™). To further investigate
what contributes to the enhanced capacity performance, the same galvanostatic cycling
measurements are performed with two types of control samples. One control is prepared using
the same spin-coating and three step heat treatment process without the nanoimprint step,
referred to as “unpatterned carbon”. The other control is prepared using the same spin-coating
and nanoimprint process but without the stamp involved, referred to as “pressured carbon”. As
shown in figure 3.8, under the same cycling conditions, the imprinted carbon possesses the
highest capacity, while the pressured carbon demonstrates slightly higher capacity than the
unpatterned carbon. The result thus suggests that both the patterned structure and the
pressurizing process improves the capacity, with most of the improvement coming from the

patterned structure.
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Figure 3.7 Galvanostatic cycling performance of the imprinted carbon
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Figure 3.8 Galvanostatic cycling performance of the imprinted carbon and two control
samples as comparison

To shed light on the possible mechanisms, the carbon samples were further studied
microscopically with a novel scanning probe microscopy technique, electrochemical strain
microscopy (ESM) [12, 146]. ESM has been widely used to study the localized electrochemistry
of systems like battery electrodes and fuel cell electrolytes on the nanoscale. In principle, after a
full discharge process during which the insertion of lithium ions into carbon anode occurs, LixCs
compound is formed, enabling the probing of localized lithium ion redistribution by applying an
external AC bias. The change of local lithium ion concentration will result in volume change and
a surface displacement under the tip, which can be probed and referred to as ESM response. As
intrinsic ESM response is very small, typically on the orders of several picometers, AC bias is
always applied near the cantilever-sample resonance to magnify the response by orders of
magnitude, as shown in figure 3.10 (A). The amplitude-frequency responses can be fitted with
the damped driven harmonic oscillator model[147], allowing us to determine both the intrinsic
ESM response and quality factor. With this technique, a series of experiments were performed on

a fully lithiated imprinted carbon sample. The size of the sample is about 1x1 cm? while the size
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of the patterned part, determined by the size of the Si stamp used during the imprint process, is
about 0.3x0.3 cm?. Therefore, only the middle part of the sample is patterned, while the rest is
flat and featureless, as shown in figure 3.9. With such a sample, we were able to compare the
difference between the patterned and unpatterned parts in a single specimen. Nine locations were
randomly chosen on both parts, followed by measuring the amplitude response as a function of
applied frequency at each location under an AC bias of 2-6 V with an increment of 1 V. Then
with all the extracted resonance peak amplitudes and quality factors, averaged intrinsic
amplitudes and energy dissipation, which is the reciprocal of qualify factor, are plotted versus the
corresponding AC bias, as shown in figure 3.10 (B) and (C). In our previous work [148], we
have shown that the ESM response, is proportional to the electric field ¢ generated by the AC
bias, the local concentration n, of lithium ions, as well as the diffusion coefficient D, governed

by the equation (3.1) below.

an
at
In figure 3.10 (B), an increase of the amplitude with the increase of the AC bias is observed,

= noD Z V¢ (3.1)

as expected. More importantly, the amplitude response of the patterned part is significantly
larger than that of the unpatterned part at all biases, suggesting a larger local lithium ion
concentration in the patterned part. To confirm this, quantitative analyses using XPS were also
performed on the sample with five random locations selected on both the patterned and
unpatterned part. The averaged elemental composition results calculated with XPS spectra are
displayed in table 3.2, showing a higher Li/C atomic ratio of the patterned part (1.288) than the
unpatterned part (1.121). With such observation, we can conclude that the patterned structure

demonstrates the ability of storing more lithium ions than the unpatterned part.
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Furthermore, energy dissipation of the patterned part is significantly lower, as plotted in
figure 3.10 (C), indicating a smaller energy barrier for lithium ion diffusion, which favors the
lithium ion insertion and extraction during cycling. ESM and XPS experiments thus reveal that
due to the patterned structure, the imprinted carbon possesses higher lithium ion concentration
with smaller energy barrier for diffusion, explaining its higher capacity at macroscopic scale.
Even though we are not sure about the exact mechanism responsible for such enhancement, it
may arise from the open architecture created by nanoimprint lithography, which helps relieving

the internal stress during lithium insertion and extraction.
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Figure 3.9 Illustration of the structure difference in an imprinted carbon sample
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55



Table 3.2 Elemental composition of a fully lithiated imprinted carbon sample calculated
using XPS spectra

Atomic percent % | patterned part unpatterned part

Carbon 23.05+0.58 23.854+0.98
Lithium 29.70+0.83 26.71+1.07
Li/C ratio 1.288 1.121

3.4 Summary

In this chapter, nanoimprint lithography has proven to be an efficient technique to fabricate
disordered carbons with patterned structure when combining with the three step heat treatment
process developed in previous chapters. Different from using photolithography technique which
most of the literature articles reported, we have replaced photoresist typically SU-8 with a more
environment friendly and lower cost polymer precursor PVP as the carbon precursor while
achieving the same nicely patterned structure. Due to the limitation of the low carbonization
temperature, there are a relatively large amount of nitrogen and oxygen atoms left in the obtained
carbons. Besides, the carbons display characteristic Raman peaks of graphitic carbon with lots of
disorder and defects present. But the obtained carbons still exhibit good electrical conductivity,
and thus can be used as battery anode without any additional conductive fillers. When directly
used as lithium ion battery anode, the imprinted carbons exhibit 100% higher specific capacity
than that of graphite over 100 cycles. Microscopic experiments study on a fully lithiated carbon
sample with ESM and XPS reveal the enhanced lithium ion activity in the patterned part, which
is responsible for the observed capacity enhancement.

However, we believe there is much room for improvement since the pattern structure is on
the order of micrometer and yet can be further pushed down to nanometer. Toward this end, we

use another stamp with smaller features to repeat the synthesis process. The stamp we used is a
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two-dimensional grating with the hole diameter of around 250 nm. Our preliminary results have
shown that this two-dimensional structure can also be successfully transferred onto the PVP film
and well maintained after the carbonization process, leaving a two-dimensional array of pillars
with a diameter of around 250 nm and depth of around 20 nm, as shown in figure 3.11.
Furthermore, the aspect ratio of the pattern can also be tuned in order to achieve the optimal

performance.

Figure 3.11 3D AFM topography mapping of the carbon film imprinted with the 2D grating

with hole structure
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Chapter 4. FERROELECTRICITY AND PHOTO-INDUCED
FERROELECTRIC SWITCHING IN
PEROVSKITE CH3;NH;PBI; FILMS

4.1 Motivation

In the last a few years, solar cells based on a layer of halide perovskite as the active material
undergo very rapid development. The photovoltaic conversion efficiencies of those solar cells
rise to over 20% from 3.8% in less than ten years [24, 149, 150], revealing the huge potential of
the next generation organometal trihalide perovskite (OTP) solar cell. The family of organometal
trihalide perovskites, for example, methyl ammonium lead halides (CH3NH3PbX3, X = Cl, Br, 1)
has attracted lots of attention as the light absorber layer in solar cells due to its favorable band
structure, large absorption coefficient, high dielectric constant and long carrier diffusion length
[151-153]. Additional advantage is that solution-processing is most commonly used fabrication
method to deposit the perovskite layer, which is low cost, low temperature, easy to integrate and
scale up.

However, there are still problems to be addressed first, among which the hysteresis effect
often observed in the current-voltage (JV) curves is a critical one. The hysteresis effect has been
reported to depend on the scan rate, the contact material and also the lighting history, which is
not desirable for solar cell devices. Multiple theories have been proposed and experimentally
proven to explain the effect, including ferroelectric nature; ion transport and charge trapping.
Researchers have been trying so hard to understand the hysteresis effect; nevertheless, there is no
conclusion yet.

Among the entire family of organometal trihalide perovskites, CH3NH3Pbls is the first one

reported for solar cell application and also the most studied one so far. Therefore, we chose this
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material as our model system to study using various SPM techniques. At room temperature,
CH3NH3Pbl; possesses a tetragonal crystal structure, consisting of the polarizable organic cation
CHsNH;" in 12-fold cuboctahedral coordination [154]. The tetragonal CH3NHsPbls belongs to
the 4mm point group and 14cm space group, suggesting that in theory, this material should be
ferroelectric by nature, which is also predicted by the Ab initio calculations using density
functional theories [41]. There are also literature reports showing some clear images of
ferroelectric domains in the material measured with PFM [39, 45], yet many other similar studies
were inconclusive [38], and some leading PFM experts reported observation of neither
ferroelectric domain nor polarization switching [46]. As a result, there is still lack of conclusive
evidence of the intrinsic ferroelectric properties of this material. To complicate the situation even
more, it is now well understood that ionic motions, electrostatic interactions, and also induced
electrochemical dipoles could all result in ferroelectric-like behaviors in the PFM experiments,
and all these effects are expected to exist in our material. As a result, there has been lots of
arguing about its intrinsic ferroelectricity, making reliable measurements and data interpretation
extremely challenging.

In this work, we want to first address the remaining question of whether CH3NH3Pbl; is a
ferroelectric material or not, using a set of carefully designed PFM measurements to exclude
other possible electromechanical coupling mechanisms as the dominant sources of the
piezoresponse observed in the material. Then, by combining surface potential measurement
using KPFM and ferroelectric characterization with PFM, we try to understand the interactions
between the ferroelectricity and the light illumination, which could potentially help design better

material and device structures for solar cell applications.
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4.2 Experiment Setup and Characterization of CH;NH3Pbl; Films

4.2.1 Experiment Setup

To study the piezoelectric and ferroelectric properties of the sample, piezoresponse force
microscopy is the main tool that we used, which excites the local electromechanical vibration
through an AC voltage applied at sample-tip contact resonance frequency. In most cases, PFM
measurements are performed at room temperature, under ambient conditions, meaning exposed
to air and room light. However, the CH3NH3PDbl; perovskite films degrade very fast in ambient
condition, especially when exposed to water and oxygen. As a result, when doing PFM and
KPFM measurements, there is constant nitrogen (N,) flow over the sample surface to create an
inert environment for sample protection. Besides, once the material is exposed to light
illumination, there is more ionic activity involved in the system. Therefore, to directly compare
the measured response under different light illumination conditions became critical, which could
in turn help understand the interactions. Here, we customized the commercially available AFM
system (Cypher ES, Asylum Research), to have (1) constant N2 flow through the sample surface
and (2) have a blue laser with the wavelength of 488 nm that shines on top of the tip cantilever
and also the probed area on the sample surface. Figure 4.1 below shows briefly how the modified
AFM system looks like, where the blue laser is connected to the AFM head through the orange
wire, as can be seen on the left corner. Shown on the right is the entire optics system hooked up
with the 488nm blue laser, enabling the focus of the laser spot and tuning of the laser intensity.
As can be seen in figure 4.2, the laser spot can be well focused on the sample surface underneath

the AFM tip, and the laser intensity can be adjusted accordingly as well.
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Figure 4.1 Pictures of the modified AFM system with the 488nm blue laser

Figure 4.2 Pictures of the 488nm laser illumination on the sample

The material we studied is CH3NH3Pbls, synthesized via one-step solution processing [155],
provided by our collaborator Jinjin. As shown in figure 4.3, the crystalline structure is confirmed
with X-ray diffraction (XRD) pattern and scanning electron microscope (SEM) images show the
dense granular structure of the film. In the following experiments, we use 488nm blue laser as

the light source, and the reason why we chose this wavelength is because UV-Vis spectra of
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CH3NH3Pbls film exhibits a broad absorption spectrum ranging from 400 nm to 800 nm, as

shown in figure 4.4.
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Figure 4.3 (a) XRD spectra of CH3NH3Pbl; deposited on glass slide; (b) SEM image of
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For subsequent measurements using AFM, CH3NH3Pbl; films are deposited on two different

substrates, one is hole-collecting Poly(3,4-ethylenedioxythiophene):poly(p-styrene sulfonate)
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(PEDOT:PSS) deposited on fluorine-doped tin oxide (FTO) glass substrates (FTO/PEDOT:PSS),
and the other is the electron-collecting compact TiO, deposited on FTO glass substrates

(FTOITIO,).

4.2.2 Ferroelectricity Measurement

To make sure we can draw conclusion from the ferroelectricity measurement, both
microscopic and macroscopic measurements were performed carefully, both in dark environment
and under light illumination.

Microscopically, we first examine its microscopic piezoelectric response using carefully
designed PFM experiment, a powerful technique that excites the local electromechanical
vibration of the sample through an AC voltage applied via a conducting scanning probe at the
tip-sample contact resonance o, as schematically shown in figure 4.4. However, we need to be
extremely careful here with the response measured with PFM even though it was originally
developed for piezoelectric and ferroelectric materials. And the reason is that PFM excites and
probes all the electromechanical responses, which can arise from electrostatic interaction,
capacitive effect, electrochemical dipoles, and ionic motion [80-82]. These effects are often
nonlinear with the applied electric field, leading to prominent second harmonic response [156],
while the linear piezoelectricity, on the other hand, should exhibit itself by predominantly first
harmonic response, and this gives us a technique to assess different electromechanical coupling

mechanisms.
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Figure 4.5 (a) Schematic of PFM experiment under light illumination, (b) piezoresponse as
function of applied frequency, showing resonance frequency

Thus, to better understand the origin of the electromechanical coupling in CH3NH3Pbls, we
probe first (by exciting and measuring near o) and second (by exciting at mo/2 and measuring
near wo) harmonic responses under an AC excitation of 1V, as schematically shown in figure 4.5,
and the resulting responses at three representative locations are compared in figure 4.6. The
sample used here is CH3NH3Pbl; deposited on FTO/PEDOT:PSS substrates. The first point
shows predominantly linear response and negligible quadratic one, while the second point has
much smaller magnitude of first harmonic response, which is comparable to its second harmonic
response. The third point, on the other hand, has larger first harmonic response, yet non-
negligible second harmonic one. After repeating the measurement at multiple locations, we
found that 62.5% of the data fall into case (a) and another 30% fall into case (c), while only 7.5%
of the data are like case (b). We further explored the first vs second harmonic response under
different AC excitation voltages, with the results plotted in figure 4.8 below. With increasing AC

voltage, both linear and quadratic response increases. In particular, quadratic response increases

64



more dramatically, which is governed by mathematical equation. In addition, the first harmonic
response is linear to the applied AC voltage by definition, as plotted in figure 4.8(e), which
further validates the harmonic response measurement. These results suggest the piezoresponse in
CH3NH3Pbl; is predominantly linear, though they could be smeared by nonlinear
electromechanical response when linear piezoelectric effect is small, for example due to the
misaligned polar orientation. Also, another important learning is that it is better to use smaller

AC excitation voltage to help eliminate the contribution from nonlinear electromechanical

response.
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locations
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nonlinear effect as demonstrated by the non-negligible second harmonic response

To further verify that the probed linear response arises from the spontaneous polarization of
CH3NH3Pbls, 1 also did PFM mappings on the sample surface with an application of 1V AC
voltage excitation. Shown in figure 4.9 are a set of representative mapping of topography, PFM
amplitude and also phase response. It is obvious that a clear domain pattern is observed in
amplitude and phase mappings, uncorrelated with topography. This can be seen more clearly in
the zoomed-in images of figure 4.9(d-f), where a wall separating two domains can be identified.

Across a classical 180° ferroelectric domain wall, it is expected that the phase of piezoresponse is
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reversed, giving 180° phase contrast, while the amplitude drops at the domain wall and then
bounces back, and this is exactly what we observe, as shown clearly by the line scan in figure
4.9(e-g). As such, the electromechanical response observed here cannot arise from ionic motion,
for which the phase is not supposed to be reversed, and it cannot arise from nonlinear effects
when the first harmonic response dominates. To further support our argument that the response is
not due to ionic motion, we also carried out PFM mapping comparison between room
temperature (RT) and high temperature (50 °C). Here, we chose to study at 50 °C for the reason
that the CH3NH3PbI3 film is not stable at above 70 ‘C. The PFM mapping comparison is
summarized in figure 4.10, showing a direct comparison of PFM response under same AC
excitation voltage (1V). What we observed here is that PFM amplitude at 50 °C is smaller
compared to room temperature data. This is consistent with typical ferroelectrics that exhibit
reduced piezoelectric effect under increase temperature. If the response arises from ionic motion,
then higher amplitude would be expected at higher temperature, due to increased mobility of ions.
This set of data, in combination, establishes the linear piezoelectricity of CH3NH3Pbls, and the
180° PFM phase contrast presumably arises from the spontaneous polarization of CH3;NH3Pbl;

that is aligned antiparallel to each other.
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Figure 4.10 High temperature PFM mapping of CH3NH3PDbI3: topography mapping at RT (a)
and 50 °C (b); corrected amplitude mapping at RT (b) and 50 °C (d), amplitude histogram at RT
(c) and 50 °C (1)

So far all the measurement results confirm that the spontaneous polarization with different
orientation do exist in CH3NH3Pbls, which is one proof of ferroelectricity. To further investigate
on the ferroelectricity of CH3NH3Pbls, | continued to study whether the spontaneous polarization
can be switched or not, both microscopically and macroscopically.

Microscopic measurement of the switching behavior was performed with switching
spectroscopy piezoresponse force microscopy (SSPFM). In SSPFM, a sweep of DC voltages
with a triangular-square waveform is used, along with AC voltages always applying on top of
DC voltages, as drawn in figure 4.11. DC voltages will induce a local change in the material,
while AC voltages are used to measure the resulted amplitude and phase change. Here, only the
measured response during the “DC off” stage is taken into consideration, for the reason that
electrostatic response will dominate and cover up any other true responses during the “DC on”
stage. Here, all the SSPFM measurements were carried out in dark environment to exclude the
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contribution from photo-induced ionic motion. One example of resulted PFM amplitude-voltage
butterfly loops and phase-voltage hysteresis loops are presented in figure 4.12, and such loops
are generally interpreted as signatures for ferroelectric switching. However, it has recently been
realized that electrochemical dipoles due to ionic motion can lead to apparent hysteresis and
butterfly loops under PFM measurement as well[157, 158]. One method to distinguish these two
different microscopic mechanisms is examining whether such loops would expand with the
increased maximum DC voltage, an indication of longer range ionic redistribution and thus
larger electrochemical dipole [157, 158]. This is not what we see here — the coercive voltages
virtually overlap among three loops under different maximum DC voltages. Additional data in
figure 4.13 also show that the loops are insensitive to the rate of DC voltage applied, while
electrochemical dipoles induced by ionic motion is rate dependent [157, 158]. The hysteresis and
butterfly loops we see in figure 4.12 thus cannot arise from ionic motion. Combined with the
predominant first harmonic piezoresponse that indicates linear piezoelectric nature of
electromechanical coupling, we can conclude with confidence that the switching behavior

observed in CH3NH3Pbls is indeed due to the intrinsic ferroelectric properties.
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Time
Figure 4.11 Triangular-square waveform of the applied DC+AC voltages in SSPFM

measurement
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Figure 4.13Ferroelectric switching of CH3NH3Pbl; deposited on FTO/PEDOT:PSS substrate,

(@) amplitude butterfly and (b) phase hysteresis loops under different scan frequencies

Macroscopically, the polarization-electric field (PE) hysteresis loops were measured on the
CH3NH3Pbls films deposited on FTO/PEDOT:PSS substrates using the Lake Shore TTPX Probe
Station combined with the Radiant Precision LC Ferroelectric Tester. To apply the electric field
to the perovskite films, a top electrode of 100nm thick Al layer was thermally evaporated onto

CH3NHsPbls films. The measurement was carried out at 1kHz at room temperature under
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vacuum with controlled pressure of around 2.7x 10 Pa. To better compare the macroscopic
hysteresis behavior, the PE loops were measured with light on and off in sequence, using a laser
source (LP450-SF15, THORLABS) with a wavelength of 450 nm and power of 0.5 mW. The
measurements were performed at different starting conditions: for figure 4.14(a), the sample was
initially exposed to light illumination and the PE loop was measured and recorded, followed by
subsequent cyclic measurements of PE loops in dark and under light illumination. Same cyclic
measurements of PE loops in dark and under light illumination were carried out, with the
exception that the sample was initially kept in dark for the first PE loop measurement, which is
shown in figure 4.14(b).

As seen from the polarization loops in figure 4.14(a), the first cycle under light illumination
has high apparent remnant polarization of 19.42 uC/cm? and with the increased number of
cycles, the remnant polarization gradually reduces, and then stabilizes at the 5™ cycles, with
remnant polarization estimated around 6 pC/cm?. If we start in dark, and then turn the light on,
then the initial remnant polarization of 2.44 pC/cm® jumps to 4.86 pC/cm? and gradually
reduces back to 2.52 uC/cm? after repeated testing with light on and off, as seen in figure 4.14(b).
This set of data indicates that apparent polarization can be resulted from light illumination that
arise from both photo-induced electronic and ionic currents, and then gradually dies down with
repeated cycles. Since relatively high frequency of 1 kHz is used, the stabilized values should
represent the intrinsic polarization, as ionic current is minimized, and leakage current appears to
be small. Macroscopic ferroelectric measurement shows that the perovskite films possess
intrinsic polarization of about 2 puC/cm? despite the apparent contributions from the photo-

induced electronic and ionic currents under light illumination. Keeping the measurement
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condition in dark could help eliminate the crosstalk efficiently, and examine the real intrinsic

polarization.
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Figure 4.14 Macroscopic hysteresis loops measured at different cycles switched between

dark (broken line) and light (solid line)

4.2.3 Photo-induced Surface Potential Shifting

Now that we have established evidence that CH3NH3Pbls is a ferroelectric material by nature,
we are interested in how the ferroelectricity will affect the surface potential distribution. In
theory, electric field would be induced inside a ferroelectric material, and compensated charges
will be attracted to the surface, affecting the distribution of its surface potential. Since the
polarization can be aligned upward, parallel, or downward with respect to the surface, the surface
potential can be negative, zero, or positive value correspondingly. A simplified illustration is

shown in figure 4.15 below.
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Figure 4.15 Polarization direction and corresponding surface compensation charge
distribution

To examine whether experimentally this is true or not, I used Kelvin probe force microscopy
(KPFM) to measure the surface potential distribution at different locations across different
samples, in dark environment. In this set of experiment, CH3NH3Pbl; deposited on both
FTO/PEDOT:PSS substrate and FTO/TiO, substrate were studied. Displayed below in figure
4.16 are representative surface potential mappings across different locations in one sample
deposited on FTO/PEDOT:PSS substrate, showing negative, near zero and positive values. In
general, the surface potential is a measurement of the work function, reflecting the band structure
and should be the same unless the band is bent upward or downward by the spontaneous
polarization. This explains why the surface potential distributions across one sample differ about
100mV, as can be seen in the histogram of figure 4.16(d). Similarly, we also observed different
surface potential distribution in the CH3NH3Pbl; deposited on FTO/TiO, substrate sample, as

shown in figure 4.17.

74



20

-20
-40

-100 100

0
Surface Potential/mV

Figure 4.16 (a-c) Surface potential mappings of CH3NH3Pbl; deposited on FTO/PEDOT:PSS
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Figure 4.17 (a-b) surface potential mappings of CH3NH3PbI3 deposited on FTO/TiO2

substrate, (c) histrogram distributions
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So far, all the surface potential measurements were performed in dark condition, to establish
the baseline. Then, we use the same blue laser setup as used in the PFM experiment to illuminate
the sample and then generate mobile charges (both electrons and holes) in the sample.
Depending on the substrate composition, the flow of the charge could vary. For example, if the
substrate is FTO/PEDOT:PSS, a hole collector, then the photo-generated holes will move
downward to the PEDOT:PSS substrate, while electrons will move upward to the surface of the
CH3NH3Pbls film, resulting in the surface potential shifting towards more negative value. The
top row of figure 4.18 shows the surface potential mapping in dark environment and the bottom
row refers to the result after 488nm laser illumination, from which a clear shift of surface
potential toward more negative value can be observed. The topography mappings are to make
sure the comparison of surface potential mapping in dark and under illumination is at the same

location.
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Figure 4.18 Surface potential change of CH3NH3Pbl; on FTO/PEDOT:PSS substrate induced

by 488nm laser illumination

76



When the same study was performed on another type of sample, CH3NH3Pbl; on FTO/TIO,
substrate, an electron collecting substrate, the electrons will migrate downward while holes will
migrate upward to the surface, causing a positive shift of the surface potential. This is indeed
what we observe during the measurement, as can be seen from figure 4.19. After laser

illumination, the surface potential of the same scanned area increased by about 35 mV.
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Figure 4.19 Surface potential change of CH3NH3Pbl; on FTO/TiO; substrate induced by
488nm laser illumination
To further verify that the observed surface potential shift is indeed due to the photo-induced
charges, | also measured the variation of surface potential distribution during multiple cycles
between light on and off, and the result is shown in figure 4.20. As can be clearly seen for
CHsNHsPblsz deposited on FTO/TiO2, when the light is turned on, surface potential shifts toward
more positive value, and falls back when the light is turned off, and the trend continues if the
cycle is repeated. Similar observation of photo-induced surface potential shift is confirmed with

different samples, regardless of light intensities. In all the experiments, topography mappings are
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used to make sure that we compare surface potential distribution of the same area before and

after light illumination.
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Figure 4.20 Surface potential shift of the CH3NH3Pbl; film deposited on FTO/TiO,, 1st and
3rd row in dark, 2nd and 4th row under laser
We also took one more step to measure the surface potential distribution evolution with the
488nm laser source on. And we found that with continuous light illumination for 15 minutes, the
surface potential increases by 40 mV, as shown in figure 4.21, suggesting that more electrons

and holes can be generated with continuous light illumination.
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Figure 4.21 Change of surface potential distribution of CH3NH3PDbI3 deposited on
FTO/TiO2 substrate under continuous light illumination for 15mins, top row is first scan and

bottom row is the scan after 15mins, showing the positive shift of surface potential distribution

4.2.4  Photo-induced Ferroelectric Switching

Now that I have individually studied the ferroelectric behavior of the films and how the light
illumination changes the charge distribution in the system, it is worthwhile looking at how the
light illumination interacts with the ferroelectric behavior.

Basically, we started with running a scan in dark environment, to map out the topography,
PFM amplitude and phase response. Then, the 488nm blue laser is turned on for a few minutes to
reach equilibrium before running another scan with the laser on. To make sure the results are not
artifacts, multiple scans with laser on off sequence at different locations were recorded and
compared. Interestingly, we found two contrasting behaviors when the light illuminates on the
surface of the sample, summarized in figure 4.22-24. In all three figures, top row shows the

mappings of topography, PFM amplitude, and phase in dark environment and the bottom row
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shows corresponding mappings under 488nm laser illumination. The histogram comparison of
PFM amplitude is also included. As can be seen in figure 4.22, when the 488nm blue laser is
turned on, the phase mapping of the CH3NH3Pbl; deposited on FTO/PEDOT:PSS substrate
evolves, while the comparison of topography indicates that the probed region remains to be the
same as in dark. Black domains (highlighted in white borderline) remain to be the same after
light illumination, but many light brown domains switch to black ones, as indicated in figure
4.22(g), suggesting a 180° phase reversal. Due to different polarities of piezoresponse observed
in the mapping, this phenomenon cannot be caused by the ionic motion and thus can be
concluded to be caused by the polarization direction switching due to the light illumination.
Associated with this switching, piezoresponse is also reduced, as indicated by comparison of the
amplitude histogram distributions in dark and under illumination shown in figure 4.22(d,h). This
suggests that light prefers one set of polarization over the other, presumably biased by the
internal electric field due to the photovoltaic effect, though not all the domains are switched
completely. And we also observe this photo-induced ferroelectric switching behavior in the
CH3NH3Pbl; film deposited on FTO/TIO, substrate, suggesting that this phenomenon is
independent of the substrate effect, as can be seen in figure 4.23. In contrast, it is also observed
that light does not switch the ferroelectric domain pattern at all, as shown in one of the

comparison in figure 4.24, for which the piezoresponse amplitude does not change either.
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Figure 4.22 Photo-induced ferroelectric switching in CH3NH3Pbl; film deposited on

FTO/PEDOT:PSS substrate, top row is mapping under dark of (a) topography, (b) PFM

amplitude, (c) phase, (d) amplitude histogram; and bottom row is corresponding mapping under

laser illumination
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Figure 4.23 Photo-induced ferroelectric switching in CH3NH3PDbI3 films deposited on

FTO/TiO2 substrate, top row is mapping under dark of (a) topography, (b) PFM amplitude, (c)

phase, (d) amplitude histogram; and bottom row is corresponding mapping under laser

illumination
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Figure 4.24 Photo-induced ferroelectric switching in CH3NH3Pbl; film deposited on
FTO/PEDOT:PSS substrate, top row is mapping under dark of (a) topography, (b) PFM
amplitude, (c) phase, (d) amplitude histogram; and bottom row is corresponding mapping under

laser illumination

4.3 Summary

In this chapter, we chose CH3NH3Pbls, the first material system that exhibits excellent
photovoltaic effect and decent ferroelectricity, to study its ferroelectric behavior and also the
interplay between light illumination and the ferroelectric behavior.

With carefully designed PFM experiment and macroscopic ferroelectric testing, we are
comfortable with the conclusion that the material is a decent ferroelectric material, though ionic
motion also plays an important role in the microscopic measurement. The charge generation and
separation process induced by light illumination is also clearly observed with KPFM
measurement. Most importantly, the interactions between polarization and photo-induced
charges are evident from our studies, that light illumination can switch ferroelectric polarization,

and that polarization can affect surface charge and potential, which is in turn shifted by light
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illumination. We believe that the underlying mechanisms of the interplay lie in the interaction
between polarization and photovoltaic induced internal field, and the interaction between
depolarization field and photo-induced charges. It’s worth mentioning that the depolarization
field can promote or impede the charge transport, which would enhance or reduce the
photovoltaic performance. Though we are not able to provide any direct evidence that the
ferroelectric behavior influences the photovoltaic conversion efficiency, we believe it plays an
important role, based on the above discussions. However, the highly complicated interactions
between ionic motion and polarization make it challenging to fully investigate this material using
conventional AFM techniques. The recently developed scanning thermo-ionic microscopy [159]
would be more suitable for studying more in depth the correlation of those two phenomena,
wherein the Vegard strain from ionic motion can be separated from electromechanical
piezoresponse.

Another important portion is to be able to combine the microscopic characterization using
SPM and the macroscopic JV curve measurement, so that we can get better correlation between
the device level performance and the microstructure level characterization and understanding. A
simplified schematic is shown below in figure 4.25, where we have a think top electrode (Au
layer) on top of the CH3NH3PDbI3 surface, so that we have a complete perovskite solar cell
structure to study. Besides, this structure also enables us to do a poling of the perovskite to align
the ferroelectric polarization with externally applied large DC electric field, and then measure
and correlate the device level performance and the microscopic ferroelectric domain structure,
which will allow us determine whether or not the ferroelectricity contributes to the superior

photovoltaic performance.
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Figure 4.25 Simplified schematic of combining SPM characterization with device level

macroscopic measurement
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Chapter 5. RESISTIVE SWITCHING IN BIO-FERROELECTRICS

5.1 Motivation

It is mentioned in earlier chapter that we need to build lithium ion batteries with smaller
volume and size but still provide more energy and power, in order to be suitable for the advanced
portable consumer electronics. On the other hand, with the recent evolution in consumer
electronics and the increasing need for more dense data storage, different types of non-volatile
memories have been developed. In particular, resistive random access memory (ReRAM) is
considered quite promising due to its high speed, long retention time, good endurance, low
operating voltage, and high scalability [160-162]. This advanced ReRAM functions based on
reliable resistive switching behaviors, which have been found in various materials including the
well-studied transition metal oxides such as titanium oxide [163] and vanadium oxide [164], and
also in more recent discovery ferroelectric perovskites such as lead zirconate titanate (PZT)
[165]. The basic characteristic of RRAM is its two different resistance states, i.e. high resistance
state (HRS) and low resistance state (LRS), which can be switched from one to the other by an

external electric stimulus, as illustrated schematically in figure 5.1.
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Figure 5.1 Simplified current-voltage characteristics of resistive switching behavior

In transition metal oxides, recent studies suggest that there are two different underlying
mechanisms to form the conducting filament [166], which are redox reaction induced metallic
filament and oxygen vacancy electro-migration induced filament, as shown in figure 5.2. The
first mechanism involves a process where electrochemically active metal gets oxidized to mobile
metal ions, migrate to the other electrode, and gets reduced back. This redox reaction process
leads to a continuous growth of the metal protrusion and the formation of conducting metallic
filament eventually. For the later mechanism, oxygen ions migrate to one electrode while the
charged oxygen vacancies migrate to the other electrode, and the accumulation of oxygen
vacancies form the conducting filament. Despite the fact that there has been lots of effort on
improving both the understanding and the performance of transition metal oxides in ReRAM
application, there is always concern for the memory reliability because the resistive switching
process induces chemical alternation of the materials. While on the other hand, since the

polarization reversal resistive switching process of ferroelectrics is intrinsically fast and does not
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involve any chemical composition or phase change, ferroelectric resistive switching is thus

promising and attracts lots of attention.

Oxygen vacancy

or Metal ions
.
——

Figure 5.2 Schematic of the conducting filament in transition metal oxide
Here, instead of studying the inorganic ferroelectric ceramics, we are more interested in
biological ferroelectric tissue elastin and also its nanostructured component tropoelastin, whose
ferroelectricity has recently been revealed by our group’s previous work [167-169]. Compared to
those bulk ferroelectric perovskite oxides, these biological molecular ferroelectrics are typically
soft, lightweight, environmentally friendly and more importantly biocompatible. In addition, they
can be processed at relatively lower temperatures and fabricated onto soft substrates for a wide

range of applications [170].
5.2 Sample Preparation and Ferroelectricity

5.2.1  Sample Preparation

There are two different samples that we studied in this work: elastin and tropoelastin. Elastin
is an intriguing extracellular matrix protein that can be found in connective tissues of vertebrates

[171], and all mammals rely on elastin to convey elasticity to their tissues [172]. Elastin is
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constructed by the hierarchical assembly and cross-linking of many tropoelastin monomers
which accumulate on a microfibrillar skeleton [173]. Tropoelastin is a water-soluble molecule
with a molecular weight of about 72,000 daltons. It serves as a component of rigidly organized
assemblies, and enables the formation of dynamically distensible elastic tissues.

In our experiment, elastin samples were provided by our collaborator Yunjie and Prof.Zhang
and obtained using cyanogen bromide treatment to remove cells, collagen, and other ECM
components of the porcine thoracic aortas which were harvested from a local abattoir. Details of
the elastin sample preparation process can be found in previous work [167]. To prepare for
substantial PFM experiments, the elastin samples were cut into 1*1 mm? size pieces and
embedded in epoxy/resin, which was then dried at 60 °C overnight for a full polymerization
process to occur. Then the embedded elastin sample was mounted on a microtome cutting stage
and trimmed using a fresh glass knife into slices of different thicknesses (100 nm and 1 pm)
which were then picked up and fixed onto Au coated Si substrate. Shown below are the optical

microscope images of the elastin slices with different thickness.
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Figure 5.3 Optical microscope images of 1 um (left) and 100 nm (right) elastin slice
For tropoelastin sample preparation, the tropoelastin monomers were purchased from

Advanced BioMatrix in the form of sterile, lyophilized powder. The powder was mixed with
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0.25vo0l% glacial acetic acid diluted with deionized water, to form a desired concentration of 50
ug/ml. Then the homogeneous solution was drop casted onto a piece of Au coated Si substrate,
followed by an overnight drying process, which concludes the sample prep process for following

measurement.

Drop casted
tropoelastin

Figure 5.4 Photo of the drop-casted tropoelastin sample

522 Ferroelectricity Measurement

Before doing the electrical conductivity measurement, the ferroelectricity characterization
was first conducted on the elastin slices to check whether the sample preparation process has any
influences on its ferroelectric properties. The sample measured here is 1 pum elastin slice
deposited on Au coated Si substrate using dual amplitude resonance tracking piezoresponse force
microscopy (DART-PFM) and also switching spectroscopy piezoresponse force microscopy
(SSPFM). Shown on the left part of figure 5.5 is the scan of surface topography over an area of
2*2 um?, and on the right is the amplitude of piezoresponse, caused by the 5V external AC
voltage excitation. The amplitude shown here is corrected using the damped driven harmonic
oscillator model, leading to an estimate of piezoelectric coefficient on the order of about 1 pm/V,
which is comparable with reported values on the pristine elastin samples [169] and other tissues

[174].
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Figure 5.5 DART-PFM mapping of elastin, topography on the left and piezoresponse
amplitude on the right

The PFM mapping confirms that there is spontaneous polarization in the elastin slice that
responds to the external applied electric field. Then the remaining question is whether this
spontaneous polarization can be manipulated or switched by a large external electric field, which
leads to the SSPFM experiment. As can be seen from the results below, when the DC voltage
exceeds 100V, the phase response alters by 180 °, indicating that the polarization reversal occurs.
Associated with the 180 ° phase contrast, amplitude-voltage butterfly loop is also observed. This
set of measurement suggests that the prepared elastin slices still possess ferroelectricity. The
asymmetry in the loops especially in the amplitude-voltage butterfly loop is possibly a result of
the internal electric field due to the ferroelectricity. Only one set of data is shown in figure 4.5
but | do obtained similar behaviors across different locations in one sample and also among

multiple samples.
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Figure 5.6 SSPFM ferroelectric hysteresis loop of elastin

5.3  Resistive Switching Measurement

Before diving into the electrical conductivity measurement of the elastin and tropoelastin
samples, | measured the electrical conductivity of the substrates to exclude any possible crosstalk
for future data analysis.

Using conductive-AFM, we can measure the current response when applying a DC bias onto
the sample surface. Below in figure 5.7 shows the collected current response when applying a
DC bias sweep from -500mV to 500mV onto the Au coated Si substrate. As can be clearly, the
current response is larger than 100nA, which exceeds the conductive-AFM detection range. This
high electrical conductivity is due to the Au layer on top with a thickness of about 100nm.
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Figure 5.7 Current-voltage characteristics of Au coated Si substrate
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Using the same setup, | also measured the current response of another control sample, as
displayed below in figure 5.8. The control sample is fabricated by drop casting the diluted glacial
acetic acid onto the Au coated Si substrate and then drying overnight. This is to exclude any
possible crosstalk caused by this chemical. The DC voltage is increased to 8V but the system is
still not able to pick up any current response signal. Also, since the measurement system limits
the max applied DC voltage to 10V, | am confident that the acetic acid won’t contribute to any

current response in future measurement on tropoelastin.
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Figure 5.8 Current-voltage characteristics of glacial acetic acid drop casted on Au coated Si

substrate

53.1  Current Mapping

We first examined the current mapping of the elastin slices using conductive AFM, which
allows simultaneous mapping of surface topography and current distribution when subjected to
external DC voltages. Both 1 um thick and 100 nm thick elastin slices are measured using the
same configuration. However, due to the hardware limitation of the 10 VV maximum DC voltage,
we were not able to get any current response on the 1 pum thick elastin slice. For the 100 nm thick
sample, under a positive sample bias of 5V, relatively large current response on the order of 10
nA is observed over a 1*1 pm? area, as can be seen figure 5.9a below. When the sample bias is

reversed to negative 5V, the current is reduced by orders of magnitude, to the background noise
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level of pA (shown in the right image below), making it essentially non-conducting. Histogram
statistics of the current response under positive 5V surface bias as shown in figure 5.10, suggests
that approximately 43.3% area exhibiting relatively large current around 20 nA, and the
remaining ones showing much smaller current value of lower than 100 pA. In addition, the few
hot spots with slightly higher current response in figure 5.9b fall into the low conductance region
of figure 5.9a. This strong asymmetry observed in current mapping under positive and negative
surface biases suggests a diode-like conducting behavior of elastin. Therefore, | continued the

study with measuring local current-voltage characteristics (IV curves) by sweeping the DC bias

using c-AFM.
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Figure 5.9 Current mappings of elastin under positive (a) and negative (b) surface bias
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Figure 5.10 Histogram statistics of the current mapping of elastin under 5V surface bias
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5.3.2  Current-voltage Characteristics

To further verify this diode-like conducting behavior, local current voltage characteristics
measurement was carried out on the 100nm thick elastin samples as well. Typically, DC voltage
in triangular waveform is applied to the sample surface and the corresponding current response is
collected. We found two distinct current-voltage behaviors measured at different locations across
the sample, as summarized in figure 5.11. Statistically, more probed locations behave similar to
what is summarized in figure 5.11a, showing a positive current polarity. There are some
locations, however, exhibit the opposite current polarity, with forward current under negative
sample bias, as displayed in figure 5.11b. For the data reliability, the IV curve measurement was
repeated on multiple locations and also on different samples. Statistical analysis of all the
measurement is summarized in figure 5.12, and the density color bar reflects the total count. It is
clear that more data points (about 64%) exhibit positive current polarity; though the critical bias

to set the current varies from location to location.
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Figure 5.11 Local 1V curves of elastin showing diode behavior
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Figure 5.12 Density mapping of the IV curve statistics of elastin
After confirming the diode-like conducting behavior in elastin, we also studied tropoelastin,
using the same experiment setup. Not to our surprise, such diode-like behavior of elastin is well
preserved at the monomer level. As can be seen in figure 5.13, both positive and negative current
polarities are observed in tropoelastin samples. Similarly, the data reliability is checked by
repeating the measurement on multiple random locations and also on different samples. The
relative proportions of positive and negative current polarities observed in tropoelastin are

revealed by the intensity mapping in figure 5.14, with approximately 88% of total points probed

in tropoelastin showing positive current polarity.
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Figure 5.13 Local 1V curves of tropoelastin showing diode behavior
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Figure 5.14 Density mapping of the IV curve statistics of tropoelastin

5.3.3  Ferroelectric Resistive Switching

Based on the observation of diode-like conducting behaviors in both tropoelastin and elastin
samples, and also our previous observation of the intrinsic ferroelectricity, we hypothesize that
this conducting behavior is related to the sample’s spontaneous polarization, which can be
manipulated with either mechanical force or large external electrical field.

To validate this hypothesis, we first examined whether or not large external electrical field
can alter the current polarity. With the 100nm thick elastin samples, as shown in figure 5.16a, it
shows typical positive current polarity under relatively smaller bias up to £8V. However, once
the applied bias is increased to £10V, the current polarity is switched, showing forward current
under negative surface bias. Similar polarity switching phenomenon is also observed in
tropoelastin samples when the applied bias is increased from 6V to +8V, as shown in figure
5.16b. While we do not have direct experimental evidence, the critical voltage to switch the
current polarity is on the same order of magnitude of the coercive threshold for polarization
reversal in elastin and tropoelastin as previously reported [167-169], suggesting that the

switching of conductance is indeed associated with polarization reversal.
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Figure 5.15 Switchable diode behavior of (a) elastin and (b) tropoelastin by external electric
field

As mentioned earlier, it is well known that the ferroelectric polarization can also be switched

by stress. Thus we may manipulate the current polarity by applying large mechanical force as
well. Toward this end, we measured the 1V curves of the same location subjecting to different
contact forces imposed by the c-AFM probe. In order to first quantify the mechanical force that
the c-AFM probe imposes on the sample surface, a set of calibration was performed described as
follows. Firstly, the optical lever sensitivity was characterized by bringing the probe in contact
with a rigid surface, which was clean glass slide in our case, and then moving a certain distance.
The AFM system will record the corresponding force curve plotting the cantilever deflection
with respect to the distance, whose slope yields the optical lever sensitivity with the value of
89.89 pm/V averaged over multiple calibration cycles. Then, the spring constant of the probe
needs to be calibrated. This calibration step was realized by capturing thermal data, which is a
built-in function of the Asylum Research software. By fitting the captured data, the spring
constant can be calculated to be 2.27 nN/nm based on the simplified damped driven harmonic
oscillator model. Finally, with calibrated optical lever sensitivity and spring constant, the

mechanical force applied can be calculated by multiplying those two with the difference between
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the set point and initial deflection value, which is the knob parameter that we change during the
measurement. It is worth mentioning that each probe could vary slightly, therefore, | performed
the same calibration procedure every time a new probe was used.

It is always observed in both elastin and tropoelastin samples that the current response will
initially increase with the increasing mechanical force applied on the sample, shown in figure
5.16, benefitting from better physical contact between the tiny probe and the sample surface and
thus less contact resistance. A representative data set of how the mechanical force changes the
conductance behavior of both samples is shown in figure 5.17. For example, in the 100nm thick
elastin sample with an initial state of positive current polarity, the current initially increases
when the mechanical force is increased from 100 nN to 1 uN, due to better electric contact under
larger force. Then, when the mechanical force is increased further to 2.1 pN, the IV curve
changes and the current polarity is switched, with current response under negative bias
substantially higher. Even more interesting is that when the mechanical force is reduced to 170
nN, the current polarity is restored back to its initial state, suggesting a reversible ferroelectric
resistive switching process under large mechanical force. Similar phenomenon is observed in

tropoelastin as well, as plotted in figure 5.17b.
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Figure 5.17 Switchable diode behavior of (a) elastin and (b) tropoelastin by mechanical force
54 Summary

Conductive-AFM has been demonstrated as a powerful tool, capable of characterizing both
local conductance behavior on the nanoscale and correlating the material structure with the
electrical conductivity. In this chapter, we first studied thoroughly the electrical conductance
characteristics of both elastin and tropoelastin using c-AFM and revealed its diode-like
conductance behavior. Besides, the diode-like conductance behavior is not uniform across the
sample and varies from location to location. The ferroelectric property of the biological tissue

samples is also investigated using PFM, and solid proof of spontaneous polarization that can be
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reversed by external electric field has been established. Combining the results of the electrical
conductance behavior and the ferroelectric property together, we came up with the hypothesis
that the diode-like conductance behavior is strongly related to the spontaneous polarization
direction of the material. The best way to validate such hypothesis is to carry out simultaneous
PFM ferroelectric domain mapping and c-AFM current mapping on the same location, which
cannot be realized at current stage due to hardware limitations. Therefore, in order to validate
this hypothesis, we came up with alternative way, that is to investigate the influence of large
external electric field and large mechanical force applied by the probe on the conductance
behavior. What we found is that both large external applied electric field and large mechanical
force interaction can switch the current polarity direction. In particular, the current polarity
switching induced by mechanical force interaction is a reversible and nondestructive process,
meaning the current polarity can restore once the mechanical force is reduced, which could
benefit potential application. Based on those findings together, we believe this diode-like
conductance behavior is an intrinsic property of bio-ferroelectrics elastin and tropoelastin, and
the switchable current polarity belongs to ferroelectric resistive switching, suggesting promising

application of those biological tissues in soft, bio-compatible ReRAMs and other field as well.
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Chapter 6. CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

The work discussed in this dissertation includes the synthesis and thorough characterization
of nanostructured carbon materials and synthetic and biological ferroelectrics for various
applications.

In chapter 2, the work on fabricating carbon nanofibers with optimized porous structures via
electrospinning and post thermal treatment process for the application of lithium ion battery
anode is presented. In this work, an environmentally friendly and easier to process thermal
plastic polymer is used as carbon precursor, which requires the identification of appropriate
thermal treatment process to carbonize the polymer while maintaining the morphology. With the
help of thermal analysis tools and structure characterization tools, an optimized heat treatment
process is identified, to carbonize the polymer fiber as well as generate a great amount of
micropores and mesopores. Those porous carbon nanofibers are tested as anode materials in a
lithium ion battery cell, showing that the micropores and mesopores can function as lithium ion
reservoirs, and thus can help enhance the capacity performance. Chapter 3 is a continuation of
the research presented in chapter 2, focuses more on developing alternative and better structure
for lithium ion battery application, while still keeping the same polymer precursor and same heat
treatment conditions. Here, nanoimprint lithography, a technique capable of creating patterned
structure with the feature size down to a few nanometers, is used to pattern the PVP polymer
films. Using the same heat treatment process identified in chapter 2, the patterned structure was
well maintained in the final carbon film. When testing in a lithium ion battery cell, the patterned
carbon film shows much improved volumetric capacity performance, compared to control

samples without patterned structure and also to graphite.
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The characterization part of synthetic and biological ferroelectrics starts is covered in chapter
4 and 5. In chapter 4, the main topic is the characterization of synthetic ferroelectrics, which is
considered the most promising light absorber material for the next generation solar cells. Mainly
the focus is to first establish solid proof of the intrinsic ferroelectric property of the organic-
inorganic halide perovskite CH3NH3Pbl;, and also study the interactions between the
ferroelectricity and the light illumination. With carefully designed experiments both
microscopically using PFM and macroscopically using ferroelectric tester, we show that
CH3NH3Pbls is indeed a ferroelectrics, despite its structure instability. Then, we also investigated
how the light illumination changes the behavior of the perovskite. In addition to the charge
generation and separation process that we observed using KPFM, we also found an interest
phenomenon that under certain circumstances, light illumination could alter the ferroelectric
domain pattern of the material, preferring one orientation over the other. This set of findings has
raised more questions about the perovskite material to help further improve its application
capability.

The last chapter talks about the work done on biological ferroelectric tissues elastin and
tropoelastin. We have experimentally demonstrated that the diode-like electrical conductance
behavior exists in both samples, and that such behavior is strongly related to the ferroelectric
polarization. It is also proved that the diode-like conductance behavior and the current polarity
can be switched by either large external applied electric field or by large mechanical force
applied onto the sample surface. Besides, it is worth mentioning that the ferroelectric
polarization can also be switched by those two parameters above, thus suggesting the electrical

conductance behavior is closely related to the ferroelectric polarization. Combining PFM and c-
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AFM measurement together, we are able to provide experimental evidence of the reversible and

non-destructive ferroelectric resistive switching behavior of the biological tissues.

6.2 The Future Work

It is certain that the nanostructured carbon is a promising material candidate for energy
storage applications including lithium ion battery, lithium sulfur battery, and so on. However, the
two different material structures that | synthesized need to be further improved for practical
applications. One drawback of the nanostructured carbon is that even though it contains
micropores and mesopores, those pores are not homogeneous. Therefore, to further improve the
quality of the nanostructured carbon, certain actions need to be taken for a better control over the
pore distribution, for example, the template synthesis route using silica nanospheres as the
sacrificial template. Also, the current carbon yield is around 10%, which is relatively low and
needs to be improved by fine tuning the heat treatment process to reduce the carbon loss.

For the characterization part, even though scanning probe microscopy has been demonstrated
as a powerful tool to probe the localized response to different stimuli, such as electric field, and
magnetic field, the SPM system still needs some modification to make it more robust and
powerful. For example, it has been demonstrated electrochemical strain microscopy is capable of
probing the localized ion motion in battery electrodes and electrolytes. However, it is really
difficult to quantitate the ESM characterization and one major reason is that the probed volume
is too small. Also, there have been arguments around PFM and ESM for years on how to
differentiate multiple electromechanical coupling mechanisms to better analyze the data. Some
preliminary work has been done to show a few ways to help distinguish. However, there are

more factors affecting the results to be considered.
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On the other hand, in order to better characterize and understand material properties, certain
modules of the SPM system should be combined together, enabling a simultaneous measurement.
For example, in chapter 4, it would be really beneficial if PFM and c-AFM can run together to
map out both the current distribution and the ferroelectric domain pattern in the biological tissues,
which could provide a direct proof of the correlation between the ferroelectricity and the resistive

switching behavior.
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