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CHAPTER 1. INTRODUCTION

1.1 Energy storage systems

In order to reduce environmental pollution and petroleum consumption for
transportation, a number of studies have been conducted into the development of advanced
vehicles using renewable energy sources, including battery electric vehicles (BEVs), hybrid
electric vehicles (HEVs), and fuel cell electric vehicles (FCEV) [1, 2]

BEVs have a pure electrical power source for the propulsion of the vehicles, replacing
internal combustion engines (ICEs). Although the BEVs are more desirable for consumers,
there are several disadvantages including high cost, short driving range, long recharging time,
and heavy weight. For instance, Nissan Leaf is a BEV that is commercially available today. It
costs around $35,000, has a range of 115 mi/charge, and the battery must be charged over
night.

HEVs utilize both batteries and ICEs for the propulsion of the vehicles. During
acceleration, the electric motor supplements the output of the ICE. The ICE stops when the
vehicle moves at low speed or is stopped. Some electric energy is recovered during the
braking process [3]. HEVs are suitable for long distance driving. The Toyota Prius is an
example of a popular HEV with a fuel efficiency of around 50 mile/gal. One of the
disadvantages of HEVs is that the design of two motors requires a complex system for the
management.

FCEVs generate electrical energy from hydrogen. Since the byproduct of a hydrogen
fuel cell is water, FCEVs provide a clean operational environment. However, current FCEVs
still have disadvantages such as high cost and refueling infrastructure [4]. The major

characteristics of these three types of vehicles are shown in Table 1.1 [5].



Types of EVs

BEVs

HEVs

FCEVs

Propulsion

+ Electric motor drives

+ Electric motor drives
+ |Internal combustion

engines

+ Electric motor drives

Energy system

+ Battery

+ Ultracapacitor

+ Battery
+ Ultracapacitor

+ ICE generating unit

* Fuel cells
+ Need battery/ultra-

Capacitor

Energy source

infrastructure

¢ Electric grid charging

facilities

+ Gasoline stations
+ Electric grid charging

facilities (for PHEV)

+ Hydrogen
+ Hydrogen production
and transportation infra

-structure

Characteristics

¢ Zero emission

+ High energy efficiency

¢ Independence on crude
oils

+ Relatively short range

+ High initial cost

+ Commercially available

+ Very low emission

+ Higher fuel economy
as compared with ICE
vehicles

+ Long driving range

+ Dependence on crude
oils (for non PHEV)

+ Complex

+ Commercially

available

* Zero emission or ultra
low emission

+ High energy efficiency
+ Independence on
crude oils

+ Satisfied driving
range

+ High cost

¢ Under development

Major issues

+ Battery and battery
management
+ Charging facilities

* Cost

+ Multiple energy
sources control
+ Battery sizing and

management

* Fuel cell cost, cycle
life and reliability
+ Hydrogen

infrastructure

Table 1.1 Characteristics of BEVs, HEVs, and FCEVs [5].

All three of these vehicle types require a good energy storage system. Batteries are

currently the most common option for energy storage systems in motor vehicles [6-8].



However, the major hurdle for the electrification of road transportation is the insufficient

capacities of current batteries, limiting the driving range of practical electric vehicles.

1.2 Battery technology

A battery is an electrochemical cell that converts chemical energy into electrical
energy, which was invented by Alessandro Volta in 1800. In recent years, batteries have
played a significant role in many electronic applications [9]. There are two types of batteries.
One type is a primary battery, which can be used only once. Common primary batteries
include zinc-carbon batteries, alkaline batteries, and lithium batteries. Primary cells cannot be
recharged, because the chemical reactions are not reversible and active materials may not
return to their original states [10]. The other type is secondary batteries, which can be charged
and discharged multiple times. Common rechargeable batteries include lead-acid batteries,
nickel-cadmium, nickel-metal hydride batteries, and lithium ion batteries.

The oldest type of rechargeable battery is a lead-acid battery. It has been widely used
in automobiles for lighting and ignition systems, because of its low cost, good shelf life, and
ease of manufacturing [11]. However, the drawbacks of lead-acid batteries include their
relatively heavy weight and a limited range of temperatures for operation.

A nickel-cadmium battery (NiCd) uses metallic cadmium as the negative electrode
and nickel oxihydroxide (NiOH) as the positive electrode. This battery is suitable for high
power electronics, which require high discharge rates due to their relatively low internal
resistance [10]. However, this type of battery has a low energy density and environmental
hazard because of cadmium’s toxicity. Nickel-metal hydride (NiMH) batteries were
developed by replacing the cadmium on the electrode with hydrogen absorbing alloys.
Commercial hybrid vehicles currently use NiMH batteries to enhance their gas mileage.

NiMH batteries have a high volumetric energy density (up to 420 Wh 1) but a relatively



lower gravimetric energy density (80 Wh kg™). They are also cheaper than NiCd batteries [12,
13]. However, one significant disadvantage of NiMH batteries is a high self-discharge rate

due to electrochemical processes within the cell.

400

Li metal
(‘'unsafe’)

300

Smaller size —»

200

100
Lead-
acid

T T T T
0 50 100 150 200 250
Energy density (W h kg")

Energy density (W h 1)

Lighter weight =~ ==——3»-

Figure 1.1 Comparison of the different battery technologies in terms of volumetric and
gravimetric energy density [14].

To reach the goal of high specific energy and power for rechargeable batteries, the
functional materials are required to have high a specific charge capacity (i.e. a high number
of charge carriers per mass). The cell voltage is the potential difference between the cathode
and the anode. Therefore, a high redox potential for the positive electrode and a low potential
for the negative electrode is desirable. In order to maintain a high efficiency for
rechargeability (known as Columbic efficiency), the electrode materials have to be reversibly
recovered to sustain the specific charge for hundreds of cycles. Commercially available
lithium ion batteries (LIBs) have a high specific energy (100-250 Wh kg™), high specific
power (250-340 W kg™), and a high energy efficiency (80-90%), compared to other types of
batteries as shown in Figure 1.1 [14]. On the other hand, LIBs have disadvantages of

temperature dependent performance, fire hazard, and high cost [15]. Many researchers have



been investigating these issues. More detailed properties of LIBs will be given in the next
subsection.

Other advanced lithium batteries have also been investigated including lithium air
batteries (Li-air) and lithium-sulfur (Li-S) batteries. In traditional Li-air batteries, one of the
electrodes (cathode) is an interface with the air and the other electrode (anode) is a metallic
lithium. During the charging (Li insertion into cathode), an oxidation reaction occurs at the
anode, in which electrons flow to the cathode through an external circuit, and Li ions reduce
oxygen to form Li,O, in the cathode. This reaction is reversed during discharging (Li
extraction from cathode). However, there are also non-reversible side reactions such as the
formation of LiO,. Li-air batteries have larger energy density (1700 Wh kg™) compared with
other batteries, such as Lead-acid (40 Wh kg™), NiMH (50 Wh kg™), Zinc-air (350 Wh kg™),
and Li-ion (160 Wh kg™) [16]. However, the main challenge in commercializing Li-air
batteries lies in preventing the material from interacting with the environment, which causes
degradation of the cathode and capacity fading. Recently, Li-S batteries have been considered
as an alternative choice for next generation rechargeable batteries due to the abundance and
low cost of sulfur as well as their high theoretical energy density (2600 Wh kg™) [17].
However, Li-S batteries have not been commercialized yet due to many issues including short
cycle life, low efficiency, and a high self-discharge rate, which are related to the dissolution

of the sulfur reduction elements in liquid electrolyte [18].

1.3 Lithium ion batteries

Nowadays, LIBs are the most popular rechargeable batteries for both portable
electronics and electric vehicles. Figure 1.2 shows the details of charge/discharge process in a
LIB. The three functional components are an electrolyte, anode, and cathode. The liquid

electrolyte is typically a mixture of organic carbonates, such as ethylene carbonate or diethyl



carbonate, which contain complexes of solid lithium-salts such as LiPFg, LiBF,4, or LiCIO,4
[19] . The electrolyte plays an important role as a medium for Li ion transport and many
efforts have been made to prevent oxidation and minimize internal resistance of the

electrolyte [20].
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Figure 1.2 Schematic illustration of a conventional lithium ion battery showing
charge/discharge process [21].
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Figure 1.3 Schematic illustration of the AAA layer staking and aa interlayers of the
intercalated lithium atoms [22].



The most popular material for negative electrode (anode) is graphite. Graphite is a
carbonaceous structure composed of multiple layers of graphene. The host material, graphite,
is subjected to a solid-state redox reaction, including electron transfer coupled with insertion
of Li ions from an electrolyte into the solid host. This process is also called intercalation. One
Li atom per six carbon atoms forms crystalline graphitic carbons (LiCg), equivalent to a
theoretical capacity of 372 mAh g™ [23-25]. During the intercalation process, each graphene
layers position to AAA as shown in Figure 1.3 [22]. The interlayer distance among the
graphene planes slightly increases. The lithium atoms then shift to the ao position.

The positive electrode (cathode) is generally one of the materials: a layered oxide
such as LiCoO,, a polyanion such as LiFePQy, a spinel such as LiMn,Q4, or a LiINiMnCo
(NMC) [26]. These lithium intercalation compounds are formed by the insertion of Li atoms
between the slabs of the host materials. The Li ions are extracted from the compounds during
the oxidation, which electrons flow to the anode. The reactions at both the anode and the
cathode have to be reversible to maintain the specific energy during multiple cycles. Half

reactions for each electrode are as follows,

Cathode: LiCoOy & xLi* + Li(1_,C00, + xe~

Anode: C+xLi+xe” & Li,C

A supplementary component such as a separator is placed between the anode and the
cathode in order to prevent a short circuit. The polymer separator in the LIB consists of many
pores, which are uniformly distributed to ensure a uniform current distribution through the
surface of the permeable membrane.

LIB can be manufactured in various formats, such as cylindrical cells, pouch cells,



and prismatic types. Cylindrical and pouch type cells are commonly used in portable devices.
Prismatic type cells are used in electric vehicles. Hundreds of battery cells are connected in
series and parallel to increase the voltage (for a single cell: ~3.6V) to power the vehicles. One
of the issues for LIBs' applications in electrical cars is thermal runaway if they are overheated
or overcharged [27]. The rise in temperature can cause mechanical failures of the cells, short
circuits, early death of the cell by distortion, swelling, and burst of the cell. Another issue is
dendrite formation, which leads to a short circuit between the anode and the cathode. The
deposition of lithium salts on anode potentially ascribes to non-uniform current distributions.
The dendrites eventually cause a serious safety hazard [28, 29]. To reduce these risks, safety
management systems are installed, and they shuts down the battery when its voltage reaches

beyond the safe range (3.0-4.2 V) [28].



CHAPTER 2. DEVELOPMENT OF HIGH PERFORMANCE ANODES

2.1 Challenges of Si anodes

There are growing research interests in the development of LIBs with high energy and
power densities. Silicon is an attractive candidate for the anode material thanks to its low
discharge potential (<0.4 V) and high specific capacity (theoretical capacity 4200 mAh g™)
[30-32]. The main challenge in implementing a silicon anode is its material degradation
associated with huge volume expansion (>300%) during the lithiation/delithiation process.
The mechanical stress, the material pulverization and electrical contact loss cause mechanical
instability and poor cyclic performance [33-38]. The reaction of lithium and silicon is an
intermetallic alloying process (Lis4Si), which experiences much larger volume changes
(~400%) than the intercalation anodes, such as graphite anodes (LiCg, ~10%).

Irreversible capacity loss: Although silicon anodes have a high specific capacity, an

irreversible capacity loss is observed. The irreversible capacity loss is attributed to the
following factors, including (1) the formation of a solid electrolyte interphase (SEI) on the
surface of active material exposed to the electrolyte [22], (2) a loss of electrical contact due to
large volume changes during electrochemical cycling, and (3) side reactions with surface
oxide layers [39].

SEIl formation: The SEI formation is attributable to the decomposition of the

electrolytes at the interface between the electrode material and electrolyte. SEI comprises
inorganic components such as salt degradation products and organic components such as
reduction products of the electrolyte solvent [40]. In graphite anodes, the SEI layer is created
during the first charging (lithium insertion) at the voltage range of 0.3-0.8 V [15]. When Li
ions travel towards the anode through the electrolyte, they react with degradation products

and form solid parts on the anode surface. Densely packed SEI prevents further formation of
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the solid parts and allows Li ions to access the anode. Once the SEI layer is formed on the
graphite surface during the first cycle, no further formation occurs during the subsequent
cycles. The SEI prevents another decomposition of electrolyte, contributing to a longer cycle
life [15, 22]. In contrast, the SEI formation in silicon anodes (at 0.4-0.7 V) is inhomogeneous
and a dynamic process of breakup and reformation over the cycles [41-43]. The SEI layers
are damaged by the mechanical stress during Si-Li alloy formation. New SEI layers will be
formed when the new silicon is exposed to the electrolyte. In order to reduce the irreversible
capacity, nanotechnology has been used to minimize the fractures in anode materials [21, 41,
44-47],

Loss of electrical contact due to the mechanical stress: Owing to the large stress

induced by continuous expansion and contraction in Si anodes, cracking and delamination of
active materials lead to the disconnection of Si-Li alloys from the current collectors. During
charging process (lithium insertion), the Si-Li alloys are under compressive stress due to the
volume expansion. The silicon experiences the plastic deformation when the stress reaches
the yield strength. At this point, the active material might be still intact unless the
compressive stress is extremely high. During discharging process (lithium extraction), the Si-
Li alloys experience large tensile stress due to the volume contraction, leading to the
pulverization and the disconnection of the active materials from the substrates [48]. The
disconnected Si particles or films will not allow the charge to transfer from the active

material to the current collector [49], causing the irreversible capacity loss.
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2.2 Literature review of Si-based anodes

2.2.1 Bulk silicon vs. Si nano-scale particles and thin film anodes

Several techniques have been proposed to overcome the structural damage of silicon
during electrochemical cycles, including nano-scale particles [32, 50] or thin films deposition
[51-53], nanostructured silicon [21, 44, 47], silicon-carbon composites [45, 54, 55], silicon-
graphene composites [56, 57], silicon-metal composites [58, 59], patterning Si thin films [46,
60], etc. Nano-scale materials have been found to mitigate the large stresses associated with
the volume changes during electrochemical alloying. This advantage contributes to better
cyclic stability compared to the bulk silicon [47, 50, 52, 53, 61]. In addition, the
morphologies of nanoscale Si can shorten the length of the diffusion pathway and improve Li
reaction with large surface area of Si [62].

Graetz and coworkers compared cycling performance of silicon films, silicon
nanocrystals (nanoparticles), bulk silicon, and graphite (Figure 2.1a) [47]. The thickness of Si
films was 100 nm, and the size of the Si nanocrystals was 5-20 nm. Si nanocrystals was
showen to have an initial charge capacity of 2400 mAh g™ and a discharge capacity of 1000
mAh g™, having a reversible capacity of 525 mAh g™ during 50 cycles. This performance
was superior to the bulk Si anodes. The Si nanofilm showed the highest reversible capacity of
~1700 mAh g™* among three types of silicon anodes. Si thin film anodes did not have inactive
binders so they had higher specific capacity. Additionally, thin film deposition methods
provided good uniformity and adhesion between the films and the current collectors, which
maintained good electrical contact. Therefore, cycling stability and cycle life were improved
[63]. However, the thin film anode still experienced the large stress, followed by

disconnection of the films from the current collectors (Figure 2.1b) [61].
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Figure 2.1 (a) cycling performance of silicon nanofilm, nanoparticle, bulk silicon, and
graphite [47]. (b) SEM image of the Si thin film after cycling [61].

2.2.2 Nanostructured Si anodes

Nanostructured silicon anodes such as Si nanospheres and nanowires (NWs) are other
promising candidates as high-energy electrode materials. Cui and coworkers reported that
silicon nanowire anodes exhibited high discharge capacity (>3000 mAh g*) [42]. The Si
nanowires of averaging 90 nm diameter were grown using a vapor-liquid-solid (VLS) method
on the stainless steel current collector.

The NWs have several advantages, shown in Figure 2.2b. First, it was believed that
the Si NWs were able to accommodate the volume changes by providing sufficient space [41,
64-67]. Second, each NW was directly connected to the metallic substrate, thereby
minimizing the capacity loss. Finally, the 1D structure allowed efficient electron charge
transport. The Si NW anodes exhibited a high specific capacity, as shown in Figure 2.2c. First
charge capacity was shown to have 4277 mAh g, which was comparable to the theoretical
capacity (within experimental error). The first and second discharge capacity was 3124 and
3193 mAh g, giving a Coulombic efficiency of 70 and 90%, respectively. Both charge and

discharge capacities were consistent during several cycles with little capacity fading.
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However, they showed only 10 cycles. For practical uses, batteries with high columbic

efficiency of 99.995% over 1000 cycles are needed.
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Figure 2.2 The schematic diagrams of morphological changes in (a) nano-scale particles or
thin film Si anodes, and (b) Si NWs during electrochemical cycling. (c) Cycling
performances of Si NWs, Si nanocrystals, and graphite anodes [42].

2.2.3 Si-Carbon composite anodes

Si-carbon composites have been investigated to enhance the electrochemical
performance by using the carbon as a stress relaxation material [54, 68-78]. The carbon
improves electrical conductivity. Moreover, the presence of the carbon coating on Si anodes
limits the specific capacity, which reduces large stress induced by the volumetric increase of
the composite material. Reduced stress may hinder the subsequent formation of SEI layers
and maintain the structural stability during further cycling. Figure 2.3 shows SEM images of
bare Si and fullerene Cgo-coated Si after 25 cycles as well as the cycling performance of the
bare Si and Cgo-coated Si anodes. [73]. Cso (100nm) layers were coated onto the Si thin film

(300 nm) anode by a plasma evaporation technique. The carbon coating dramatically
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improved the cycling performance, resulting in a reversible capacity of 3000 mAh g. In the
SEM images, the bare Si electrode had severe fractures on the surface after 25 cycles. On the
other hand, no cracking or fractures were observed on the surface of the Cgo coated sample.
This improvement was ascribed to the polymeric layer of Cg preserving the electrochemical
activity of the Si film during the lithiation/delithiation processes. However, the long-term
cyclic stability still has not been demonstrated. Moreover, the fabrication process became

significantly complicated because two different materials had to be synthesized.
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Figure 2.3 (a) Cycling performance of the Si-fullerene (Cso) composite anodes and SEM
images of the anodes (b) bare Si and (c) Cso coated Si after 25 cycles [73].

2.2.4 Patterned Si thin film anodes

The cycling performance of Si thin film anodes has been demonstrated by a number
of studies [53, 61, 79, 80]. Si thin film anodes are directly grown onto the current collectors

using several deposition methods, including a low pressure CVD [81, 82], physical vapor
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deposition (PVD) [51, 80, 83, 84], E-beam evaporation [47, 85], and plasma enhanced CVD
[86-89]. In addition, the thin film anodes are in uniform and intimate contact with the current
collectors. The superior electrical contact provides the wide range of the electron pathway,
which can enhance the specific energy density. On the other hand, powder-type anodes create
the electron pathway from their surface to the current collectors. Therefore, the number of

charge carriers per area is smaller than that of thin film anodes.
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Figure 2.4 (a) Cycling performance of 100, 200, and 500nm a-Si thin film [90], (b) SEM
morphology of the Si thin film anode after 12 cycles [46].

Li et al. reported the cycling performances of thin film anodes with three different
film thicknesses [90]. It was believed that the thicker films had poor performance compared
to thinner films due to the larger stress upon lithiation/delithiation, longer Li diffusion length,
and higher film internal resistance [39]. Figure 2.4a shows cycling performances of 100 nm,
200 nm, and 500 nm thick films. The Si films with thicknesses of 100 nm and 200 nm
showed higher reversible capacity and retention than the 500 nm films during 30 cycles.
However, the large irreversible capacity loss still remained for all samples. This implies that
the 100 nm thick film is not thin enough to accommodate the volume changes in the active

material. Li et al. further suggested a direction of designing electrodes to minimize film
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cracks by patterning the electrodes. The pattern size is supposed to be smaller than the critical
crack spacing, so that no further propagation of microcracks occurs. [60, 91].

Xiao and coworkers carried out the electrode patterning and improved cycling
performance of the Si thin film anodes [46]. 100 nm thick Si films were deposited on 0.5 mm
thick Cu substrates using electron beam evaporation. Prior to the deposition, Ni meshes were
mounted as shadow masks, and the patterned Si islands were selectively deposited. Since the
minimum crack spacing was ca. 7 um, they chose three different sizes of Ni meshes, which
contained pattern widths of 40, 17, and 7 um. They also estimated the minimum crack
spacing by a simple calculation. In Figure 2.5, when the Si patch begins to crack, the force

equilibrium is as following,

int; . . . ;
~ = gy'h, & = min (7y", T (2.1)

where 7Bt js the interfacial shear strength between the lithiated Si and Cu. Both the shear
flow stress of Cu 3" and the friction strength of metal-silicate composite r}nt are about 40
MPa, indicating that the estimate of the interfacial shear strength 7Bt is 40MPa. Film
thickness h is 100 nm and the film stress o' was measured as 1-1.75 GPa in the previously
reported experiment [92]. Finally, the minimum crack spacing that no additional cracks are
allowed was calculated to be L .=5.1-8.9 um.

After electrochemical cycling, most of the Si patches with 40 um and 17 um patterns
were peeled off, as shown in Figure 2.6a and b. However, the sample with 7 um patterns,
which was approximately the minimum crack spacing, showed that the all the Si patches
adhered to the Cu substrate (Figure 2.6¢c). With good integration of the films onto the

substrates, better cycling performance was observed.
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Figure 2.5 (a) Schematic diagram of lithiated Si film on Cu substrate. (b) Minimum crack
spacing that no longer additional crack is created [46].

Figure 2.6 (a) SEM image of 40um pattern size, (b) 17um pattern size, and (c) 7um pattern
Si patches after cycling size [46].

2.2.5 Si-N composite anodes
Incorporation of other materials in silicon potentially can limit the volume expansion,
such as copper (inactive material) [52, 67], carbon (active material) [93, 94], oxygen [47, 61,

95], and nitrogen [68, 96]. Among these materials, nitride has been less frequently



18

investigated. Ahn et al. have examined the effects of nitrogen on the electrochemical
properties of 200 nm thick silicon nitride (Si;xNy) thin films deposited by a RF magnetron
sputtering. Figure 2.7 shows cycling performance of SiixNy (x = 0, 0.24, 0.41) thin films at
0.5 C rate. In Figure 2.7b, the Sig76No24 Sample shows that the capacity abruptly increased at
the 650™ cycle. The SiosoNo4: Sample had negligible capacity during the whole 850 cycles. In
their study, the analytic interpretation of the abnormal electrochemical behaviors was not
discussed. The behaviors were explained by the mechanical stability of SizNj.
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Figure 2.7 Cycling performance of 200 nm thick (a) a-Si, (b) Sio76No.24, and (c) Sip59No.41
thin films at 0.5 C rate.

Suzuki et al. have investigated electrode properties of 200 nm thick SiNg g, thin films
as a negative electrode. The film was formed by using a pulsed laser deposition technique. In
particular, they used solid state electrolyte instead of liquid electrolyte. Figure 2.8 shows the
cycling performance of the 200 nm and 500 nm thick SiNg g, films. Both films were shown to
have fairly good cyclability. However, the reversible capacity of 1300 mAh g* was not

comparable to the specific capacity of Si based anodes (>2000 mAh g™).
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Figure 2.8 Cycling performance of SiNg g, films for the thickness of 200 nm and 500 nm.
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CHAPTER 3. ENGINEERING SILICON-RICH NITRIDE ANODES

3.1 Introduction

Thin film anodes were chosen in this study due to their uniform and direct deposition
onto the substrates minimizing multiple syntheses. Prior to proceeding the thin film
technology, two following questions must be asked. (1) How can we improve the film contact?
(2) How can we analyze the improved performance of anodes? In order to enhance the film
adhesion, two techniques are introduced in this chapter, including a thin film deposition
method (PECVD) and surface treatments of the current collectors. We engineered the Si-rich
nitride (Si-rich SiNy) by controlling the deposition parameters. Silicon nitride has been shown
to be converted into silicon with the formation of lithium nitride (Li3N) by the reaction in
equation 3.1 [68]. The resultant silicon can react with lithium in a further reduction while the
ductile and conductive LisN matrix buffers volume expansion of the Si-Li alloy. The reaction
potential of the conversion reaction of nitride has been shown to be below one volt vs Li. The
control of silicon and nitride composition is critical because stoichiometric silicon nitride
(SiNy33) behaves like an electrical insulator, which leads to extremely low charge and

discharge capacity.

SiNk + yLi* +ye”™ — Si+ xLiy N (3.1)

Si + xLi* + xe~ o Li.Si (3.2)

The surface treatments were performed by roughening the current collectors with a
mechanical scratching and a chemical etching. For better analysis of the anode performance,
several techniques were utilized such as AFM, XPS, Potentiostat, SEM and TEM. The
graphical and quantitative surface profiler AFM was used to observe the surface effect by the

roughening treatment prior to the film deposition. After the film growth, we confirmed
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various chemical compositions in the material using XPS. Prepared anodes were then cycled
using an electrochemical testing tool, Potentiostat. The morphology changes were observed
after electrochemical cycles using SEM and TEM. Indeed, further characterization is required
to better analyze the mechanical properties of the materials, which will be discussed in

chapter 4.

3.2 Plasma enhanced chemical vapor deposition (PECVD) technique

Plasma enhanced chemical vapor deposition (PECVD) is a process to deposit films by
ionizing reactive gases with plasma at low temperature (100~350 °C). Such low temperature
process is critical for the device fabrication that requires low sensitivity to temperature and
low residual stresses [97]. PECVD is a versatile manufacturing process. Amorphous silicon
(a-Si) with varied chemical composition (e.g., doped with oxygen, nitrogen, fluorine etc.) can
be fabricated [54]. PECVD has been widely used in the microelectronics and photovoltaic
industries. The advantages of PECVD are a high deposition rate, a rapid process and a
conformal coating for three-dimensional nanostructures [92] compared to other processes
such as low pressure CVD [72, 98], physical vapor deposition (PVD) [47, 61, 80, 99] and
atomic layer deposition (ALD). Although the PECVD method has been used for silicon-based
anodes in several papers [86-89], the rapid capacity fading was observed in those experiments.

Figure 3.1 shows a schematic diagram of a PECVD reactor for the deposition of
silicon oxynitride (SiOxNy) [100]. A glow discharge is generated between two parallel plates.
Reactive gases flow through the discharge, which ionizes the gases creating active species on
the sample surface depending on the type of gases. The film quality and thickness are
controlled by process parameters including RF power, process temperature, process time, and

pressure. The reaction gases include N,, NH3, SiH,, and NO.
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Figure 3.1 Schematic diagram of a PECVD reactor for SiOxNy film deposition [100].

3.3 Experimental

3.3.1 Preparation of Cu current collectors

25 um thick copper foil was purchased from Lyon Industries Inc. Two roughening
techniques were used to increase the roughness of the copper, including mechanical
scratching and chemical etching. The mechanical scratching was performed by a steel wool.
In the etched samples, we first performed the mechanical scratching, and then etched foil by
0.1 mol of ferric chloride (FeCls) for 5 min. After etching, the copper foil was rinsed with DI
water and isopropyl alcohol (IPA). The sample was dried on a heater at 70 °C for 5 min to
remove alcohol. An atomic force microscopy (AFM, Veeco Dimension 3100) with a tapping
mode was used to characterize the roughness of copper. The scanning rate was 0.3Hz. We
used a Si tapping tip to scan the surface morphology of the copper (10 x 10um). Average

roughness of the surface was defined by the root mean square.
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Figure 3.2 AFM micrographs of (a) a pristine Cu foil, (b) a mechanically-scratched Cu foil,
and (c) a Cu foil etched with FeCls. (d) The root mean square average roughness (Rq) of each
sample has been quantified.

Figure 3.2 shows the surface morphologies of three different copper substrates
measured by AFM, including (3.2a) pristine copper, (3.2b) mechanically-scratched copper,
and (3.2c) FeCls-etched copper. Similar morphologies (straight lines) were found on a
pristine copper and on mechanically-scratched copper. The depths of the observed lines were
thicker after mechanical scratching. After the FeCls etching, numerous islands were formed
on the surface, resulting in a larger roughness. In Figure 3.2d, the root mean square average
roughness (Rq) of the pristine copper, the mechanically-scratched copper, and the FeCls-
etched copper were 17 nm, 32 nm, and 182 nm, respectively. AFM was also used to image
the 250 nm nitride deposited on three different copper substrates. The roughness of the nitride
films on the pristine copper, the mechanically-scratched copper, and the FeCls etched copper

were measured to be 16, 30, and 187 nm, respectively. The roughness of the copper substrates
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remained the same before and after a-Si coating, indicating that the a-Si was uniformly

deposited.

3.3.2 Preparation of anode materials

SiNy thin films were deposited on as-prepared copper substrates using PECVD
(Plasma Therm 790). The deposition parameters for a-Si were 100% SiH,, flow rate 5 sccm,
temperature 100 °C, pressure 450 mTorr and radio frequency (RF) power 25 W. Nitride was
deposited by diluted silane (2% SiH4 in 98% N,). The typical deposition parameters for
nitride were: flow rate 50 sccm, temperature 350 °C, pressure 450 mTorr and RF power 25 W.
Films deposited at different temperature (100 °C, 200 °C, 300 °C) and RF power (25 W, 50 W,
100 W) were also evaluated. The thickness of films was measured using a surface profiler
(Dektak 8). Electron beam evaporated a-Si (using Temescal BJD 1800) was also deposited as
a control. The weights of the a-Si and nitride films were measured by a microbalance
(Mettler Toledo, XP26) before and after thin film deposition. The balance had the accuracy of
+1 pg. Prior to the film deposition, the copper foils were dried in a vacuum oven in order to

remove moisture.

3.3.3 Surface characterization
XPS was used to analyze the chemical composition of SiNy films with a PHI 5500

ESCA (Perkin Elmer). XPS is a powerful tool for the quantitative study of the surface
chemistry such as molecular bonding and chemical composition. A XPS spectrum is a plot of
the number of electrons for each element versus the binding energy of the electrons. The X-
ray power was 210 W and the emission current was 15 mA. Neutralization was performed to
prevent charging effects. We first performed a survey scan (0-1200 eV) to quantify chemical

composition. Then a high resolution analysis was conducted on each element with 23.5 eV
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pass energy. The characteristic peaks in XPS spectra refer to the electron composition within
the atoms, such as 1s, 2s, 2p, etc. The atomic concentration (%) of each element was obtained
by dividing the signal intensity by a relative sensitivity factor using software (AugerScan 3.2).

Table 3.1 shows the atomic composition of SiNy on three different substrates and bare
a-Si on FeCls-etched copper before electrochemical cycling using XPS. Depth profiling was
conducted for 5 min on each sample with a sputter rate of 0.8 nm/min. Because SiNy was
deposited using the same process parameters, it showed similar compositions of silicon,
nitrogen, and oxygen on different substrates (Table 3.1a-c). The presence of both silicon and
nitrogen were expected because the reactive gas (2% SiH, was diluted in 98% N,) was
ionized in the chamber. The presence of oxygen is most likely caused by the oxidation of the
silicon surface when exposed to air after deposition. For bare a-Si films, the concentration of

Si was highest (Table 3.1d).

C1ls O1s N 1s Cu2p Si2p
_ o 5.5 5.1 38.8 - 50.5
(a) SiN, on a pristine Cu
_ _ 2.5 3.3 40.3 - 53.8
(b) SiN, on a mechanically-scratched Cu
2.2 2.7 40.4 1.3 52.9
(c) SiN, on a FeCls-etched Cu
(d) Bare a-Si on a FeCls-etched Cu
before cycling 1.9 1.8 - 1.4 94.9

Table 3.1 Atomic concentration (%) of elements of amorphous SiNy films on a pristine,
mechanically-scratched, and FeCls-etched copper substrates and a-Si film on a FeCls-etched
copper substrate before cycling.
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Figure 3.3 The high resolution XPS spectra of Si 2p of (a) PECVD a-Si and (b) PECVD
nitride.

Figure 3.3 shows the XPS Si 2p spectra of PECVD a-Si and silicon nitride before
cycling. The a-Si film was composed of Si°. Compared to a-Si, the Si 2p spectrum of nitride
consisted of a broad peak. In Figure 3.3b, the Si 2p spectrum of silicon nitride was fitted
using three Gaussian functions of Si® (100.07 eV), SiNy (101.48 eV), and SiNy 33 (102.34 eV).
The ratios of SiNj 33, SiNy and Si® were determined to be 13%, 70%, and 17%, respectively.
Using XPS survey, the atomic concentration of silicon and nitrogen in nitride was 57% and
43%, respectively. Based on the fitting, the value x in SiNy was estimated to be 0.83.

After electrochemical tests, the cells were disassembled and then rinsed with DMC
solvent. Scanning electron microscopy (SEM, JEOL JSM-6510LV) was used to image
surface morphologies of samples before and after cycling. The acceleration voltage was 15
kV in SEM. High-resolution transmission electron microscopy (TEM, Titan) was conducted
to image the surface of nitride films with its high resolution (300 kV) after 300 cycles. A thin

sample of anode was prepared with a dual-beam focus ion beam (FIB, TESCAN LYRA).
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3.3.4 Cell assembly and testing

The electrochemical characteristics of the a-Si and nitride films were measured by a
half-cell configuration. All the cell assembly and electrochemical testing were performed in a
glove box filled with ambient Argon. The cell was assembled using a CR2032 coin cell.
Lithium metal (Alfa Aesar) was used as counter and reference electrodes. A polyethylene
separator (Celgard 2320) was soaked overnight in the liquid electrolyte (1 mol LiPFg in
ethylene carbonate (EC) and dimethyl carbonate (DMC) with a 1:1 ratio). The charge and
discharge tests were performed using a potentiostat (Maccor Model 4200) at a constant
current density of 2 A/g. The cut-off voltages were set 0.001 V and 2 V versus Li*/Li. Cyclic
voltammetry analysis was employed at 0.2 mV/s scan rate with voltage ranged from 0.001 to

2 V (Gamry Series G 300).

3.4 Results and discussion

3.4.1 PECVD silicon nitride for a high-performance lithium ion battery anode

Figure 3.4 illustrates the charge and discharge curves of evaporated a-Si, PECVD a-Si
and PECVD nitride. These films were cycled at 1C, which refers to one-hour charge. Figure
3.4a and b show the charge and discharge curves of first, second and 50" cycles of a-Si
deposited by evaporation and PECVD, respectively. In this study, cathodic lithiation in the
anode was referred to charge. In the first charge, the voltage plateaus for the evaporated and
PECVD a-Si films were slightly different (0.3 V and 0.24 V respectively). The voltage
plateau corresponds to the formation of Si-Li alloys. The first charge capacity for evaporated
and PECVD a-Si films were similar (3827 and 3993 mAh g™ respectively). The following
discharge curve had a voltage plateau around 0.37 V for both evaporated and PECVD a-Si

films. The first discharge capacity for evaporated and PECVD a-Si were 3348 mAh g* and
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3233 mAh g, making Coulombic efficiency 87% and 81%, respectively. The initial capacity
loss was probably due to reduction reactions in the electrolyte, resulting in solid-electrolyte
interphase (SEI) formation [22, 39]. The Coulombic efficiency for the samples became
approximately 99.2% after a couple of cycles, but dropped to 97.8% afterwards. The capacity

retention of evaporated a-Si was slightly higher than that of PECVD a-Si.
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Figure 3.4 The voltage profiles during 50 cycles for (a) evaporated a-Si and (b) PECVD a-Si,
and (c) PECVD nitride. (d) The cycling performance of three samples.

In Fig 3.4c, PECVD nitride showed a different voltage profile compared to a-Si films.
At the initial stage of the first charge, the voltage profile had a potential overshoot, which
indicated the nucleation of a new phase to form LizN during the conversion reaction [60]. The
first discharge capacity of PECVD nitride was 2004 mAh g™, corresponding to a 66%
Coulombic efficiency. The low Coulombic efficiency could be attributed to irreversible

conversion reactions in addition to SEI formation. The Coulombic efficiency increased
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during the second and third cycle and maintained almost 100% for the rest of cycles. The
discharge capacity at the 50" cycle was 1984 mAh g*. PECVD nitride had a higher capacity
retention (99%) compared to PECVD a-Si (84%). The incorporation of nitrogen limited the
specific capacity but improved the cycling stability resulting in higher Coulombic efficiency.
The Li-N matrix after cycling was studied using XPS. Figure 3.5 shows the high
resolution N 1s spectra of the nitride before and after 100 cycles. Before reactions, the
spectrum (Figure 3.5a) of N1s was fitted by two Gaussian functions SiNyand SiN; 33, and
their ratio was 84% and 16%, respectively. After 100 cycles, the spectrum was fitted by three
Gaussian functions. The ratio of SiNy and SiNj 33 became 66% and 24%, indicating that
SiNywas oxidized to nonconductive SiN; 33 during multiple cycles. In addition, a new peak
was present at 399.7 eV, which corresponds to LisN. LisN has high ionic conductivity (2-5 x

10" Scm™), which may play a role in facilitating Li ion transport [101, 102].
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Figure 3.5 The high resolution N 1s spectra of the Si-rich nitride anode (a) before cycle, and
(b) after 100 cycles.

Figure 3.6 shows the impedance spectra of evaporated a-Si and PECVD nitride
anodes during 300 cycles. The semicircle in the middle frequency region represents the

charge transfer impedance, which is associated with an internal resistance. During the first



30

100 cycles, the evaporated a-Si was shown to have lower internal resistances compared to the
PECVD nitride. The charge transfer impedance of the evaporated a-Si increased with further
cycles up to 300 cycles (Figure 3.6a). However, the impedance of the nitride was reduced
over the cycles (Figure 3.6b), suggesting that the nitride electrode maintains good structural

stability over the cycles.
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Figure 3.6 Nyquist plots of (a) evaporated a-Si and (b) PECVD nitride anodes during 300
cycles.

3.4.2 Controlling deposition conditions (process temperature)

The deposition parameters (such as temperature and power) for PECVD nitride have
been studied in order to tune chemical compositions and its electrochemical properties. The
common nitrogen source in PECVD nitride is ammonia (NH3), and it produces hydrogen rich
nitride [14, 103]. By using N, instead of NH3 as the nitrogen source, a low hydrogen content
silicon nitride is obtained. N, has an inherently higher binding energy than NHs;, which
hinders ionization. With higher temperature and higher power during deposition, N, could

dissociate into free nitrogen active species. Figure 3.7 shows X-ray photoelectron spectra of

the SiNy films deposited at 100, 200, and 300°C. Their surfaces were sputtered for 5 min
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using an Ar gas prior to the analysis in order to remove surface contaminants. Atomic

concentration of nitrogen content of each sample was found to be 35.6, 38.6, and 44.2 % at

100, 200, and 300°C, respectively (Table 3.2). In this case, the value, x in SiNy was estimated

0.62, 0.69, and 0.88 at 100, 200, and 300°C, respectively.

C1s O1s N 1s Cu2p Si2p
(a) 100°C sample 2.2 4.4 35.6 - 57.5
(b) 200°C sample 2.1 2.8 38.6 - 56.1
(c) 300°C sample 1.8 3.1 44.2 - 50.5

Table 3.2 Atomic concentration (%) of elements of amorphous SiNy films deposited at
100 °C, 200 °C, and 300 °C before cycling.
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Figure 3.7 XPS spectra of 250 nm SiNy films deposited at (a) 100, (b) 200, and (c) 300 °C in
the PECVD.
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Figure 3.8 shows the high resolution XPS spectra of the Si 2p and corresponding
cycling performance of PECVD nitride deposited at different temperatures (100 C, 200 <C,
and 300 <C) with a constant RF power of 25 W. The concentration of nitrogen increased with
increasing deposition temperature (Figure 3.8a-c). PECVD nitride deposited at lower

temperature (100 C) had slightly higher specific capacity.
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Figure 3.8 The high resolution XPS spectra of the Si 2p for PECVD nitride deposited (a) at
100 <C, (b) 200 <C, and (c) 300 <C. (d) The cycling performance of three samples grown at
different temperatures.

Figure 3.9 shows SEM images of 250 nm SiNy films deposited at 100, 200, and 300
QC in the PECVD that were cycled for 100 and 300 cycles. The three samples that
experienced 100 cycles (Figure 3.9a, ¢, and e) all have similar morphologies with crack size
of ~3um. The capacity retention of those samples after 100 cycles was 124, 112, and 101%

for 100, 200 and 300 «C samples, respectively. However, the films after 300 cycles were
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differentiated by the spacing distances of the cracks and sizes of islands. The 100 <C sample
had the largest island size and crack spacing, because the higher amount of silicon content
was incorporated into the film more than others, therefore the volume changes in silicon were

larger.

Figure 3.9 SEM images of 250 nm SiNy films deposited (a) at 100 °C in the PECVD after
100 cycles, and (b) after 300 cycles, (c) at 200 °C in the PECVD after 100 cycles, and (d)
after 300 cycles, (e) at 300 °C in the PECVD after 100 cycles, and (f) after 300 cycles. All the
films were deposited on the etched Cu.

3.4.3 Controlling deposition conditions (RF power)

Figure 3.10 shows the high resolution XPS spectra of the Si 2p and cycling
performance of PECVD nitride deposited at RF power of 25 W, 50 W, and 100 W at a

constant temperature 100 €. Atomic concentration of nitrogen content of each sample was
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nearly similar. However, the amount of silicon and oxygen contents varied in controlling the
RF power. The atomic concentration of silicon content was 57.5, 54.9, and 44.7% for 25, 50,
and 100 W samples, respectively (Table 3.3). The amount of silicon decreased when the RF
power increased. On the other hand, oxygen content increased with the increase in RF power.
It is known that the Si content in the silicon nitride film becomes less rich when the RF power
increases. Moreover, an excessive increase in the RF power can cause damage to the silicon,
and more defects or impurities are expected to exist on the surface. It is also known that when
the higher RF power is applied, the lower uniformity of films is made. Non-uniformity of
films can be observed from the 100W sample, which includes the Cu 2p peak. It is evident

that the film does not cover the whole surface.

C1ls O1ls N 1s Cu2p Si 2p
(a) 25W sample 2.2 4.4 35.6 - 57.5
(b) 50W sample 1.6 8.0 34.6 0.4 54.9
(c) 100W sample 3.4 12.3 375 1.3 44.7

Table 3.3 Atomic concentration (%) of elements of amorphous SiNy films deposited at 25W,
50W, and 100W before cycling.

The atomic ratio of silicon to nitrogen decreased with increasing RF power. In
addition, silicon became more oxidized with the increasing RF power. The specific capacity
of nitride was very sensitive to RF power during deposition, and it decreased with increasing
RF power. In Figure 3.11d, nitride deposited at 100 W was shown to have an extremely low
specific capacity. The highly oxidized silicon and nonconductive SiNj 33 caused detrimental

effects on the cyclic performance.
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Figure 3.10 XPS spectra of 250 nm SiNy films deposited at plasma power of (a) 25, (b) 50,
and (c) 100 W in the PECVD.
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Figure 3.11 The high resolution XPS spectra of the Si 2p for PECVD nitride deposited (a) at
25 W, (b) 50 W, and (c) 100 W. (d) The cycling performance of three samples grown at
different plasma RF powers.
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Figure 3.12 SEM images of 250 nm SiNy films deposited (a) at 25 W in the PECVD after
100 cycles, and (b) after 300 cycles, (c) at 50 W in the PECVD after 100 cycles, and (d) after
300 cycles, (e) at 100 W in the PECVD after 100 cycles, and (f) after 300 cycles. All the
films were deposited on the etched Cu.

In SEM images, the Si films deposited at 25 and 50W after 300 cycles (Figure 3.12b
and d) formed larger agglomerates and cracks on the surface than after 100 cycles (Figure
3.12a and c). Those fractures were due to the large stress induced by the volume expansion,
which might lead to the disconnection and the fragmentation of the active material from the
current collectors, resulting in the capacity fading. The difference in the cyclic performance
between the 25 and 50W samples were attributed to the different amount of Si contents. The

deteriorated performance of the 100W sample was ascribed to the small amount of Si
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contents, side reactions with oxide, and rigid mechanical properties of SiNy.
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Figure 3.13 (a) The cycling performances of 250 nm thick evaporated a-Si and PECVD
nitride during 300 cycles. (b) A TEM image of PECVD nitride after 300 cycles.

250 nm evaporated a-Si and PECVD nitride anodes were tested for 300 cycles and the
results are shown in Figure 3.13a. In the initial 50 cycles, the capacity of evaporated a-Si was
higher than the PECVD nitride. Nevertheless, the capacity of evaporated a-Si gradually
dropped during cycling. PECVD nitride showed a stable cyclic performance. Under
inspection by SEM, large cracks were found in evaporated a-Si and silicon eventually peeled-
off from the substrate. On the other hand, PECVD nitride formed small islands (diameter 5~7
um) and strongly adhered to the substrate (Figure 3.14). The level of adhesion of the
evaporated silicon and PECVD nitride were investigated using a scotch tape test (Figure
3.15). Compared to evaporated silicon, PECVD nitride showed a strong adhesion, probably
due to ion bombardment of reactive gases during the deposition.

Figure 3.13b shows a high resolution TEM image of PECVD nitride after 300 cycles.
The lattice structure of silicon nanocrystal (diameter of 5-10 nm) was clearly seen. The
silicon nanocrystals were uniformly embedded in a matrix made of LizN. LisN acts as a

barrier to prevent the aggregation of silicon nanocrystals and maintained structural stability
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[104]. In addition, LisN is known to have a high ionic conductivity, which may enhance the
charge transfer during lithiation and delithiation. Compared to other conversion anode
material such as silicon oxide, nitride has been found to have a better Coulombic efficiency

over many cycles [95].

Figure 3.14 The SEM images of PECVD nitride films (a) before cycling, (b) after 30 cycles,
(c) after 100 cycles, and (d) after 300 cycles.

Figure 3.15 An adhesion test using a scotch tape of (a) PECVD a-Si, (b) evaporated a-Si,
and (c) PECVD nitride on a pristine copper foil.
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3.4.4 Surface effect of the current collectors

In the half-cell setting, SiNx was a working electrode, and the lithium metal was used
as a counter and reference electrode. During the charge, the lithium ions migrated to the
silicon and formed silicon-lithium alloys. The voltage started from an open circuit voltage
and dropped to near 0 V with time. The cut-off voltage was set to 0.001-2 V. The plateau near
0 V indicates the Si-Li alloying reaction. During the discharge, the lithium ions delithiated
from the Si-Li alloys and migrated to the counter electrode. The voltage increased with time.
The typical discharge voltage for the silicon anode is ca. 0.5 V.

Figure 3.16 shows the cyclic performance of SiNy films on the three different
substrates in terms of discharge capacity and Coulombic efficiency. The Coulombic
efficiency of a, b, and c after 50 cycles were 95, 97, and 100%, respectively. However, initial
irreversible capacity loss was observed for the silicon anode because liquid electrolyte
formed the nonconducting SEI layer on the large surface area. The reversible discharge
capacity of the FeCls-etched sample was about 2200 mAh g™, and it showed relatively small

capacity loss compared to other samples.
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Figure 3.16 Cyclic performance of the a-Si anodes on the pristine (black), scratched (blue),
and FeCl3-etched (red) Cu substrates.
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Figure 3.17 illustrates SEM images of the surface morphologies before cycling and
after first charging, 30 cycles, and 100 cycles. PECVD films were deposited on three types of
current collectors: pristine Cu (a-d), mechanically-scratched Cu (e-h), and FeCls-etched Cu
(i-1). The increasing crack spacing was visually seen during cycling on the pristine Cu (Figure
3.17a-d), and the fracture caused the loss of electrical contact between the substrate and the
active materials. In Figure 3.17b, there was no obvious cracking owing to the nitrogen
concentration in the film and rigid mechanical strength of the nitride; cracking can be seen in
the other images. Major cracking occurred after several cycles and the surface of the silicon
was further exposed to electrolyte so that the lithium ions could react with the uncycled
silicon resulting in the improved capacity.

In Figure 3.17c and d, the fracture of films became more frequent and larger. It was
concluded that the significant cracking does not occur only during initial charging but also
after certain cycles depending on the mechanical properties and the amount of active
materials on the surface. The growth of cracks was seen on the mechanically-scratched
sample after the first charging (Figure 3.17f). The active material began swelling, and the
films broke down, unlike the pristine sample. In Figure 3.17g, the films were fractured and
delaminated causing the capacity fading due to the electrical contact loss. After 100 cycles as
shown in Figure 3.17h, most of films were crumbled and peeled off. However, the discharge
capacity after 50 cycles did not decay significantly because the mechanical scratching was
uniformly performed on the whole surface and some films were still attached to the substrate.
After the first charge, the films on the FeCls-etched copper looked similar to the one before
cycling (Figure 3.17j). The surface of the FeCls-etched sample was showmen to have small Si
islands even after 30 and 100 cycles (Figure 3.17k and ). The size of cracks after 50 cycles

was ca. 3 um, although the typical size of cracks depends on the film thickness. However, our



41

film on the FeCls-etched copper did not have separated islands. We discovered that the FeCls-

etched sample showed the best cycle performance via the voltage profile, reversible capacity,

and surface morphology.

Figure 3.17 SEM images of a 250 nm SiN, film (a) before cycling, (b) after 1% charge, (c)
after 30 cycles, and (d) after 100 cycles on a pristine Cu substrate, (e) before cycling, (f) after
1% charge, (g) after 30 cycles, and (h) after 100 cycles on a mechanically-scratched Cu
substrate, (i) before cycling, (j) after 1% charge, (k) after 30 cycles, and (1) after 100 cycles on

a FeCls-etched Cu substrate.
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\oltage profiling and cyclic voltammetry upon 100 cycles were conducted for the
FeCls-etched sample. Figure 3.18a shows the cyclic voltammogram of the 100™ cycle, and
the inset plot is the charge-discharge curves corresponding to the former CV curve. During
the charge (Li alloying) as shown in Figure 3.18, two peaks at 0.05 and 0.2 V were attributed
to the phase transition between Li,Si alloys and the formation of amorphous LixSi phase,
respectively. In a similar manner, during the discharge (Li dealloying), two peaks at 0.3 and
0.5 V were attributed to the phase transition between Li,Si alloys and the formation of
amorphous Si by the delithiation step. Figure 3.18b presents stable reversible capacity with

higher than 2000 mAh g™ and Coulombic efficiency of 100% upon 100 cycles.
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Figure 3.18 (a) Cyclic voltammogram (scanning rate, 0.2 mV/s™) and (b) Cyclic performance
of SiNy anode on a FeClsz-etched Cu cycled at 1C rate.
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3.4.5 Thickness effect in the anode materials

The increase in film thickness is desired for practical uses in batteries. Figure 3.19
shows the cycling performance of 250 nm, 500 nm, and 1 um PECVD nitride anodes
deposited at 100 € and 25 W RF power. The discharge capacity at the 100" cycle was 2100,
1880, and 1450 mAh g-*, respectively. The samples were tested at 0.6 C. The 250 nm and 500
nm samples showed high capacity retention (~100%) upon 100 cycles compared to 1 um
nitrides (76%). Thick films showed a lower discharge capacity due to higher electrical
resistance (and ohmic drop) [58, 105]. Thick films also showed a poor cycling performance

that was associated with the stress induced material degradation.
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Figure 3.19 The cycling performances of 250 nm, 500 nm, and 1 um PECVD nitride anodes
during 100 cycles. All three films were deposited at 25 W power and 100 <C.

Figure 3.20 shows SEM images of three different samples after 30, 100, and 300
cycles. The crack size became larger when increasing the thickness of film. In the 250 nm
film, unlike the thicker films, the crack size did not change a lot upon 100 cycles. This

revealed that the stress induced cracking rises due to the increase in film thickness. Thickness



44

changes up to 1 um did not exacerbate cycling stability in SiNy films. We assume that the
presence of nitrogen incorporated into the film creates a lithium inactive phase that anchors
the substrate during cycling. In additional, the presence of nitrogen decreases the specific
capacity of the anode material. Lower capacity decreases the strain associated with the stress

induced cracking and reduces electrical contact loss at the interface with the substrate.

Figure 3.20 SEM images of (a) 250 nm SiNy films after 30 cycles, (b) after 100 cycles, and
(c) after 300 cycles, (d) 500 nm SiNy films after 30 cycles, (e) after 100 cycles, and (f) after
300 cycles, (g) 1 um SiNy films after 30 cycles, (h) after 100 cycles, and (i) after 300 cycles.
All the films were deposited on the etched Cu.

Figure 3.21 shows 500 nm SiNy anode cycled at 0.5 and 1C rate. The film cycled at
0.5C showed higher initial capacity of 1775 mAh g™ and stable cyclability. The capacity
retention were 93 and 92 % for films cycled at 0.5 and 1C, respectively. However, the film
cycled at 1C showed capacity fading at the end of cycles (200-300 cycle). This implies that

the films cycled at higher cycling rate shorten the cycle life. High current rate might prevent
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full lithiation through the whole body of the film. Therefore, a longer time is required for the

lithium ions to insert into the complete depth of the silicon film.
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Figure 3.21 Cyclic performances of 500 nm SiNx films depending on the C-rate (0.5C and
1C).

Figure 3.22 SEM images of 500 nm SiNy films (a) tested at 0.5C, and (b) tested at 1C upon
300 cycles.

Figure 3.22 shows SEM images of 500nm films tested at 0.5C and 1C upon 300
cycles. When applying the higher current rate (1C), in Figure 3.22b, the film delaminates
more actively than the film tested at lower cycling rate. There are different sizes in crack

spacing among islands. The larger crack spacing it has, the more electrical contact loss arise.
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The SEM results are corresponding to the cyclic performance plots. Increasing capacity at the
beginning for the film cycled at 1C is attributed to cracking and island formation in surface
layers, allowing uncycled silicon to become accessible to lithium ions. In addition, decreasing
slope in capacity at the end is also due to electrical contact loss caused by the pulverization of

the material and crack formation.
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CHAPTER 4. DEVELOPMENT OF IN-SITU CHARACTERIZATION
SYSTEMS

4.1 Literature review of the stress measurement in lithium ion battery anodes

In order to engineer better anode systems, understanding failure mechanisms of
material is critical. Because silicon undergoes huge volume expansion and contraction upon
lithiation/delithiation, study of the stress evolution becomes important [106]. While there
have been many attempts to engineer new nanostructures and nanocomposites for the
improvement of mechanical integrity and cycling performance [43, 66], the main challenge is
the lack of techniques for in-situ characterization of lithiation and delithiation processes [107,
108]. The in-situ characterization techniques are critical for future energy storage because
they enable the optimization of electrode configuration as well as the development of control
algorithms.

In-situ monitoring of microstructure change during charge/discharge have been
investigated in the literature [109, 110]. However, the studies provided limited quantitative
information. For example, Lee and coworkers monitored the stress effect in Si anodes using a
deflection of cantilevers that is coupled with single laser beam and an optical sensor [108].
An incident laser beam hit the surface of the sample/cantilever and reflected to a photo diode.
The reflected beam spot changed its position due to the deflection of sample subjected to the
film stress. The translation of the beam signal from the detector was then converted to the
voltage signal. Figure 4.1 shows their voltage profile data and a corresponding stress profile.
With the cantilever, they observed the, stress was induced at the lower voltage range, and
therefore cyclic performance was improved by limiting the lower cut-off voltage to 0.1V. In
Figure 4.1a, the compressive stress increased steeply at the initial stage of Li insertion when

the cell voltage reached 0.3V. It was due to the formation of Li,Si phase, having doubled
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volume expansion near the interface between the Si film and the electrolyte. In the voltage
region between 0.3 and 0.1V, the compressive stress began to increase in a reduced slope
indicating plastic deformation, due to the Li,Si phase over the film. Under the cell voltage of
0.1V, the compressive stress started decreasing because the stress was relieved by the
formation of Lis4Si phase with its four times volume expansion causing the film to crack. In
Figure 4.1b, after limiting the lower cut-off voltage to 0.1V, the stress variation was not
observed, indicating that the lithiation process was done without film cracking. The study

only showed the voltage signal of the photodetector vs time, which was only qualitative

information.
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Figure 4.1 Voltage and stress profiles at cut-off voltages of (a) 0-1.5V, and (b) 0.1-1.5V. Inner
box in (a) is cyclic voltammetry.

Alternative attempts have been made to replace the single-point beam deflection
measurement with a multi-beam optical sensor (MOS) method [92, 107, 111-113]. A MOS
system utilizes an array of parallel laser beams and measures the relative changes of the
spacing distances between the beam spots. This method is less sensitive to vibrations
compared to the conventional cantilever beam deflection system [114]. Guduru and
coworkers demonstrated the stress evolution in Si anodes by monitoring the substrate

curvature changes using the MOS system, as shown in Figure 4.2a [92]. The stress o¢ related
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to the substrate curvature K change is given by the Stoney's equation (equation 4.1),

EshZK
Of = —6hf(1—vs) (41)
_d-dg 1
K="t (4.2)

where hg and hs are the substrate and film heights; Es and vs are the Young's modulus and the
Poisson's ratio of the substrate, respectively. The Stoney's equation is only valid when the
thickness of the film is much smaller than that of the substrate. Curvature K can be calculated
from the distance changes between two adjacent laser spots divided by the mirror constant An,
(equation 4.2). Figure 4.2c shows the stress profile of the 250 nm thick a-Si cycled at C/4 rate.
The compressive stress increased steeply during the initial charging process, and reached to -
1.75 GPa, indicating the elastic limit of the film stress. Then the stress decreased with
lithiation, reaching about -1 GPa at the lower cut-off voltage. Upon delithiation, the tensile
stress response was similar to the compression. In their calculation, the final film thickness
due to volume expansion had been taken into consideration. Their assumptions included that
the film thickness in Si increased linearly with the state of charge and the maximum volume
expansion was 370%. Therefore, the film thickness is hs = h{’(1+2.7z), where z is the state of
charge and h{ is the initial film thickness.

There were two issues about wafer curvature measurement. First, the measurement
was based on the average stress of active materials on a wafer scale (50.8 mm diameter, 500
um thick). Second, the stress measurement was not sensitive enough to distinguish the
formation of solid-electrolyte interfaces (SEI) and that of silicon-lithium alloys, which is

critical for the design of Si-based anodes.
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Figure 4.2 (a) A schematic diagram of the electrochemical cell and the MOS setup. (b)
\oltage profiles and (c) stress variation profiles [92].

Since Guduru group investigated the stress evolution in Si thin films using MOS
system, they have applied this technology to other electrode materials such as crystalline Si
films and graphite powder anodes [111, 115]. Gao and coworkers previously reported
patterning Si thin film electrodes up to critical sizes of the crack spacing in order to prevent
further film cracking [46]. Likewise, after the successful improvement, Gao attempted to
perform the in-situ stress measurement on the patterned electrodes using MOS system to see
if better performances were able to be attributed to the stress accommodation due to the

decrease in the maximum stress and the elimination of the plastic flow [112].

4.2 Measurement system (white light interferometry)

White light interferometry (WLI) is a traditional technique for optical profilometry.
This optical measurement system has several advantages compared to the mechanical

profilometry, including noncontact scanning of micro-scale features, superior height
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resolution, and high speed measurement [116]. A schematic diagram of the WLI system is
shown in Figure 4.3 [117]. The incoming light source is split inside the interferometer. One
beam goes to an internal reference and the other goes to the sample surface. After reflection,
the beams combine inside the interferometer and experience constructive and destructive
interference. Bright and dark fringe patterns (interference fringes) were generated by the
difference of the optical path between the beams reflected from the reference and the sample.
The fringe patterns are captured by a CCD camera, representing the surface topography of the

sample.

Camera

Interference

Microscope

Objective
Reference
Surface

R Sample
Figure 4.3 Schematic diagram of a WLI system [117].

4.3 Experimental

The fabrication of the bilayer cantilever structure includes two photolithography steps.
Figure 4.4 illustrates the fabrication processes. (a) A 250 nm thick a-Si was deposited on the
as-prepared copper foil using E-beam evaporation at room temperature. (b) The a-Si coated
copper foil was glued to a silicon wafer using a photoresist (AZ4620, Hoechst). (c,d) A

photoresist (S1811, Shipley) was spin-coated and patterned by photolithography. (e) An a-Si



52

layer was etched using reactive ion etching (SFe). (f,g) Afterward, photolithography was
performed. (h) The copper foil was selectively etched by a copper etchant (APS100,

Transene). The cantilever was released by removing photoresist using Acetone.
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Figure 4.4 Fabrication process of the bilayered cantilever (a-Si on copper).

Figure 4.5 shows the measurement setup, where a WLI (ContourGT In-Motion Bruker)
was used to measure the deformation of the cantilever during electrochemical cycles
controlled by a potentiostat (Gamry G300). In the WLI setup, the measurement of the
cantilever structure in liquid requires a compensation chamber [118]. The cantilever anode
was mounted in the electrochemical cell (See Figure 4.5a and b). The active material (a-Si)
was used as a working electrode, and faced lithium metal (as a counter and a reference
electrode). A separator was placed between two electrodes in order to prevent a short circuit.

A liquid electrolyte (1 mol LiPFg in ethylene carbonate (EC) and dimethyl carbonate (DMC)
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with 1:1 ratio) was used to fill in the cell.

The charge/discharge measurement was performed at a constant current density of 22
Alg equivalent to 1C rate and the voltage ranged from 0.02-2 V versus Li*/Li at room
temperature. After electrochemical cycling, we disassembled the cell and rinsed the material
with dimethyl carbonate (DMC). The surface morphology of the silicon film was analyzed by

SEM (JEOL JSM-6510LV) at a 15kV acceleration voltage.
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Figure 4.5 Measurement setup of the in-situ measurement system. (a) SEM of the cantilever
anode, (b) Top view of the customized electrochemical cell, (c) White light interferometry
and chronopotentiometry setup.

4.4 Analysis model

The stress of a-Si during charge and discharge was measured by in-situ monitoring of
the curvature change of cantilevers caused by surface absorption and/or volume change of Si-
Li alloy formation (as shown in Figure 4.5). Figure 4.6 illustrates the working principle of a

bilayer cantilever that consists of an active material and a copper substrate. Copper has
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widely been used as a common current collector for the anode in lithium ion batteries. Copper
is mechanically elastic with a high yield strength (116 MPa) [119]. The surface absorption
and/or volume expansion of Si-Li alloys cause a free-standing cantilever to bend [120]. The

bending of a bilayer cantilever was described by the Timoshenko beam theory.
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Figure 4.6 The bending of the bilayer cantilever during lithiation and delithiation. (o:
compressive stress, o;. tensile stress)

The deformed bilayer cantilever will create a curvature with a radius p after
experiencing the stresses that contribute to the strains of the two films. In the case of the
thermal expansion, the strains are determined by the temperature change AT and the
difference of the thermal expansion coefficient between the two films Aa; = (a; — ;)
[103]. The curvature k can be expressed in terms of the thermal strain, (a; — a,) - AT, as

6(1+m)?-(a; - az)-AT (4.3)
ht-[3(1+m)2+(1+mn)-(m2 +%)] ’

k =

1
p

where h; is the total thickness of the bilayer cantilever, n=E;/E,, and m=h/h,. E; and E; are
elastic moduli of the deposited film and the substrate, respectively. In our study, the
mechanical stress is induced by the volume changes during electrochemical cycling, the

thermal strain, (a; — a,) - AT, is replaced by the strain & The linear relationship between
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the strain and the stress oy can be expressed as of = E'er, Wwhere E is the elastic modulus of
the film.

The surface absorption and/or the volume expansion of a-Si cause a free-standing
cantilever to bend. The analytic solution of a bilayer cantilever subjected to stress can be
derived as a following equation,

_ keErh3(1+m)?+(1 +mn)(m2 +ﬁ)]
%= 6(1+m)?

(4.4)

The assumptions include (1) the deformation of copper is within an elastic range. (2)
the friction at the support is ignored, and (3) the width of a cantilever is small compared to its
length [121]. The thickness of the active material depends on the state of charge, and is
expressed as hg = hs’(1+pz), where z is the state of charge (0<z<1), and hg' is the initial
thickness of Si. The B is 2.7 when the maximum volume expansion is 370% for fully lithiated
silicon (Li375Si), equivalent to a specific capacity of 3579 mAhg™ [122, 123]. In this work,
the quantity of the volume change was estimated by using Coulomb counting. Because of
constraint by the substrate, only the height of the a-Si is assumed to change upon lithiation
and delithiation. The Young’s modulus of the a-Si film also varies depending on the state of
charge. The Si-Li alloy is softer than the pure a-Si (90 GPa). According to the density
function theory [120], the elastic modulus of the fully lithiated Lis 75Si has been calculated to
be 34 GPa.

The interferometer enables the monitoring the three-dimensional deformation of the
whole cantilever. The fidelity of the measurement is high compared to optical-lever detection
used in Lee’s work, which is single-point deflection [108]. 3D interferometry images of the
cantilever before and after the 1% charge and discharge are shown in Figure 4.7. Typically

maximum deflection of the tip of the cantilevers was ca. 3 um after a full charge. During the
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* cycle, the beam curled up during the charge and curled down during the discharge. This

implies that the volume expansion and contraction reversibly take place during each cycle.

*113

Before cycles / After 1% charge

 -15.0

After 15t discharge

| -19.1

Figure 4.7 3D interferometry images of the cantilever anodes during the first cycle.
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CHAPTER 5. IN-SITU NANOMECHANICAL CHARACTERIZATION
OF SILICON THIN FILMS ON ROUGHENED CURRENT
COLLECTORS FOR LITHIUM ION BATTERY APPLICATIONS

5.1 Introduction

The demand to increase the energy and power density in lithium ion batteries for
consumer electronics and electric vehicles has attracted intense interests to develop high
capacity electrodes. Silicon is an attractive candidate for anodes thanks to its high specific
capacity (3579 mA g™) and low cost. However, the large volume expansion (~370%)
associated with silicon-lithium (Si-Li) alloy formation causes pulverization of electrode
material and poor cyclic performance. Recently, engineering nanostructures and thin films
has been found an appealing approach to overcome material degradation [41, 44, 50, 106].
Silicon nanostructures have shown to accommodate large volume expansion and to mitigate
mechanical stress [21, 42, 45, 47]. Nevertheless, the capacity retention of silicon-based
anodes over many cycles is still problematic [39]. Two of the challenges include the loss of
electrical contact among active materials and delamination of material from the substrate
(current collector).

In order to minimize electrical contact loss between the silicon active material and the
current collector, several studies have been conducted to optimize the architecture of current
collectors, including roughening the substrates by mechanical or chemical treatments [80,
124-128] as well as three-dimensional substrates such as metal foams and porous copper
[129-132]. The cyclic performance of silicon anodes has shown to be improved on the
roughened substrates. The improvement was attributed to better adhesion between the active
material and substrates. However, there has been no in-situ study to quantify how the

roughened substrate accommodates the volume expansion of Si-Li alloy and mitigates the
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stress. Not surprisingly, there have been few tools for in-situ stress measurements in battery
research.

Lee et al. adapted cantilevers to monitor 35 nm Si anodes during charge and discharge
[108], but the study did not provide any quantitative information. Sethuraman et al. studied
the stress evolution of thin film Si anode using the curvature change of substrates and
Stoney’s equation [92, 111]. They found that the compressive yield strength reaches -1.75
GPa and the Si film begins to flow plastically. With further lithiation, the stress eventually
decreases to -1 GPa. However, the measured stress was an average value over a wafer-scale
substrate. In their experiment, the stress variation is developed by the only lithiated Si and the
profile includes elastic and plastic responses. To the best of our knowledge, all these
measurements were not sensitive enough to distinguish critical electrochemical processes,
such as solid-electrolyte interphase (SEI) and Si-Li alloy formation. SEI is a passivation layer
that forms on the electrode surface during the first cycle due to the decomposition of
electrolytes [22, 38]. On the other hand, SEI is electrically insulating and protects stored
lithium atoms from electrolytes.

In this work, electrochemical processes of silicon active materials were evaluated on
the pristine and roughened copper substrates during the charge and discharge. The processes
are monitored using a bilayered cantilever made of silicon and copper. The mass of SEI
layers and mechanical stress of Si-Li alloys cause the bending of cantilevers where the

surface profiles of the beams are measured in real time using a white light interferometer.

5.2 Experimental

25um thick copper foil was purchased from Lyon Industries Inc. The copper foil was

first chemically etched by 0.1 M ferric chloride (FeCl3) for 5 min. After etching, the copper
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foil was rinsed with DI water and isopropyl alcohol (IPA). The sample was dried on a heater
at 70 °C for 5 min. The surface roughnesses before and after the chemical etching were
characterized by an atomic force microscope (AFM, Veeco Dimension 3100). The average
roughness was measured in a tapping mode and defined by the root mean square value from
the profile. A 250 nm thick amorphous silicon (a-Si) was thermally evaporated by E-beam
evaporation (Temescal BJD 1800) with a deposition rate of 2 A sec™.

The electrochemical characteristics of the a-Si were measured by a half-cell
configuration. All the cell assembly and electrochemical testing were performed in a glove
box filled with ambient Argon. The cell was assembled using a CR2032 coin cell. Lithium
metal (Alfa Aesar) was used as counter and reference electrodes. A polyethylene separator
(Celgard 2320) was soaked overnight in the liquid electrolyte (1 mol LiPFs in ethylene
carbonate (EC) and dimethyl carbonate (DMC) with a 1:1 ratio) over night. The charge and
discharge tests were performed using a potentiostat (Maccor Model 4200) at a constant
current density of 2 A/g and the cut-off voltage was set 0.02 V and 2 V versus Li*/Li. After
electrochemical tests, the cells were disassembled and then rinsed with DMC solvent. SEM
(JEOL JSM-6510LV) was used to image surface morphologies of samples before and after
cycling. The acceleration voltage was 15 kV in SEM.

Two kinds of copper foil (25 um thick) were prepared: one was pristine, and the other
was chemically etched (FeCls). For the fabrication of the cantilever, see Figure 4.4. A free-
standing cantilever composed of copper (Cu) and active material (a-Si) was placed in a
home-made liquid cell. The cantilever faced lithium metal covered by a separator (Celgard
2320) with a space filled with an electrolyte. The presence of the separator and a Teflon
spacer prevents a short circuit between the anode and lithium metal. Copper serves as both a

current collector and a mechanical support. During the lithiation (charging), Li ions are
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driven from lithium metal to anode through the electrolyte by the electrochemical potential
differences between the two counter electrodes. A white light interferometry (ContourGT In-
motion, Bruker) was used to measure the curvature of the cantilever during electrochemical

cycling controlled by a potentiostat (Gamry G300).

5.3 Results and discussion

The roughnesses of copper before and after FeCl; etching were measured by AFM
(Figure 3.2). The root-mean-square roughnesses (Rg) of the pristine and etched copper were
17 nm and 182 nm, respectively. The roughnesses of the samples after a-Si deposition
became 16 nm and 187 nm, respectively, suggesting that a-Si was uniformly evaporated.
Scotch tape tests were performed. The a-Si deposited on etched copper had better adhesion

compared to that on pristine copper (Figure 5.1).

a-Si on pristine copper a-Si on FeCl,-etched copper
Figure 5.1 The adhesion tests (scotch tape) of the a-Si films on (a) the pristine copper and (b)
FeCls-etched copper.

Figure 5.2 shows the first-cycle charge and discharge curves of 250 nm a-Si films
deposited on the pristine and etched copper, and their corresponding stress profiles. During
the initial lithiation, the voltage dropped rapidly until a voltage plateau appeared below 0.35
V. On the other hand, the stress was small when the voltage was above 0.35 V, but increased
dramatically below 0.35 V. The stress profile indicates two distinct electrochemical processes

at 0.35 V. It is known that solid-electrolyte interphases (SEI) formed on electrodes in the
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beginning of the first cycle [22, 38]. The passivation of SEI layers caused negligible stress,

and protected lithium ions from electrolytes.
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Figure 5.2 (a) The voltage and (b) in-situ stress profiles of the a-Si films on the pristine
(black) and FeCls-etched copper (red) cantilevers in the liquid cell chamber.

Below 0.35 V, compressive stress increased rapidly. The insertion of lithium in
silicon caused volume expansion, resulting in compressive stress. At the beginning of the Si-
Li alloy formation, the stress began increasing linearly over time, where the strain was
proportional to lithium concentration in Si. For a-Si on the pristine copper (black line), the
compressive stress reached a maximum value of -0.94 GPa. The yield strength of lithiated
silicon was reported to be ca. -1 GPa [85, 92]. With further lithiation, silicon began to flow
plastically to accommodate additional volume changes. The stress eventually dropped to -
0.33 GPa. Upon delithiation, the removal of lithium caused volume decrease, generating
tensile stress. Initially, the tensile stress (black line) increased rapidly until it reached a
maximum value of 0.28 GPa. The stress dropped rapidly with further delithiation due to Si

fracture [133]. In a similar experiment, where the cantilever was flipped over to let Si face the



62

glass, the stress dissipation was observed at a similar voltage (Figure 6.4). After cracking
formation, the stress was relieved. In addition, the negligible stress above 0.7 V suggested
that most Si lost electrical contact with copper.

The stress profile (red line) for a-Si on roughened copper was different from that on
pristine copper. Above 0.35 V during lithiation, the stress profile of a-Si on roughened
copper was shown to be similar to that on pristine copper. When Si started to react with Li
below 0.35V, the compressive stress increased linearly but the slope was smaller than that of
the pristine sample. The stress was reduced because the rough surfaces allowed the transverse
coupling between in-plane and out-of-plane strains of silicon volume expansion [134, 135].
The stress reached a maximum value of -0.58 GPa, and gradually dropped to -0.25 GPa
during the plastic deformation. Interestingly, the stress of a-Si on the pristine copper dropped
faster than that on the roughened copper. Using SEM (Figure 5.6b), wrinkling of a-Si on the
pristine copper was found. The compressive stress caused delamination and buckling of the
a-Si films on the pristine copper. On the other hand, the a-Si adhered well to the roughened
copper. Small a-Si islands (diameter 6-7 um) were observed as shown in Figure 5.6¢. These
silicon islands had good electrical contact with copper, and the lithiation time was longer than
the pristine sample. Upon delithiation, the tensile stress of the a-Si on the roughened copper
initially increased, and began to flow plastically when the voltage was above 0.46 V. The
stress eventually reached a maximum value of 0.4 GPa at the end of delithiation. The stress
measurement suggested a-Si films were in good electrical contact with the roughened
substrate. On the other hand, a-Si on pristine copper lost its electrical contact after the first
cycle and no capacity was found. The delithiation time was approximately three times longer

than the pristine sample.
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Figure 5.3 (top) The voltage and (bottom) in-situ stress profiles of the a-Si film on the FeCls;-
etched copper during 5 cycles.

Figure 5.3 shows the cell voltage and stress evolution of the roughened sample during
the first five cycles. Upon the 2" lithiation, compressive stress increased immediately, which
indicates Si-Li alloy formation. This suggests that most SEI was formed during the first cycle.
The stress increased linearly to -0.1 GPa, and slightly further increased to -0.13 GPa during
plastic deformation. The compressive stress was much smaller than that of the first lithiation.
Combined with SEM images, the study suggests that the major cracking occurred during the
first lithiation, where the stress was relieved. The a-Si films were adhered strongly to the
substrate after cracking and formed small Si islands. Because of the small disconnected
islands, the stress was very small compared to the first cycle. Interestingly, the stress reached
a maximum value of -0.2 GPa when the voltage was below 50 mV. The increase in stress was
probably due to a phase transition of Si-Li alloy to a new crystalline phase, which has been

demonstrated by XRD studies in the literature [38]. Upon the 2nd delithiation, the tensile
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stress reached nearly 0.13 GPa and further increased to 0.26 GPa. The stress evolution in the
first five cycles was shown to have dynamic electrochemical processes over time. The stress
was gradually relaxed over five cycles due to material degradation, and changes of
morphology and chemical properties.

Figure 5.4 shows the SEM images of a-Si films on the pristine and roughened copper
after cycling. The a-Si on the pristine copper was shown to have large disconnected islands
after the first cycle (Figure 5.4a). Some islands were peeled off during the cell disassembly.
In comparison, Si was still in contact with the roughened copper after 5 cycles (Figure 5.4b).
Separated Si islands with smaller areas were observed on the roughened copper. The

literature reported that there is a critical cracking size for a Si thin film electrode [46, 112],

20!
Tlcnt

Lo =

(5.2)

where h is the thickness of Si film, oy> (0.6-0.94 GPa) is the yield strength of Si, and
™ (40 MPa [136]) is the interfacial shear strength between the lithiated Si and the substrate.
The calculated crack spacing for 250 nm thick Si film was 7.5-11.8 um. However,
experiments (Figure 5.4a) showed that the cracking size was approximately 30-40 um. The
error might be attributable to the overestimated interfacial shear strength between a-Si and
the pristine copper due to its poor adhesion. On the other hand, the interfacial shear strength
increases as the surface roughness increases, resulting in a smaller cracking size. The
experiment showed the crack size of 250 nm a-Si on the roughened Cu was 6-7 um after the
first lithiation. This study suggests that the surface roughness of the current collector provides

a major role on the mechanical properties.
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Figure 5.4 The SEM images of (a) the a-Si film on the pristine copper cantilever after 1 cycle
and (b) the film on the FeCls-etched copper cantilevers after 5 cycles.
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Figure 5.5 The electrochemical properties of the evaporated a-Si  films on the (a) pristine
copper , and (b) FeCls-etched copper, cycled at a rate of 2 A/g (1C) between 0.02 V and 2.0 V
vs. Li*/Li in the coin cell. (c) Cycle performances of the a-Si anodes on two different types of
copper substrates upon 50 cycles.
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The energy release rate is the energy dissipated during fracture per unit of newly
created fracture surface area, and is independent from the applied loads and material
geometry. By assuming interfacial sliding at the interface between the thin films and
substrates, the energy release rate has been derived by Hu et al [137],

G=[=+ F(Z)]% (5.1)

where o, & ,and E; are the normal stress (compression or tension), thickness and Young’s
modulus of the silicon film, respectively, F(X) is a function of the Dundurs parameters, and
is the interfacial sliding strength (or shear strength) between silicon and copper. Dundurs
parameter represents the elastic mismatch between the film and substrate. On the pristine
copper, the silicon volume expansion tends to produce a sliding failure along a plane that is
parallel to the direction of the force. The shear strength is often used to characterize the
quality of adhesion between the material and substrate [138].

Although the 7 varies with boding of the interface, the value can be estimated using
both the shear flow stress of Cu (40 MPa [139]) and the interfacial friction strength of the
silicate composite (40.5 MPa [136]). The fracture was observed at the peak tensile stress in
this work (Figure 6.4d). Thus, the tensile stress at the onset of the stress plateau was chosen
for the value. Using a value of 7 = 40 MPa and F(X) = 1.5 [133, 140], the fracture energy of
the a-Si on the pristine copper was estimated to be 4.9 J m™. The interfacial sliding strength
can be enhanced by roughening the copper. Therefore, the fracture energy of a-Si on the
roughened copper was expected to be smaller.

The samples were tested in coin cells. Figure 5.5 shows the charge and discharge
curves of evaporated a-Si films deposited on the (a) pristine and (b) FeCls-etched copper, and
(c) their cycling performance. The films were cycled at 1C, which referred to one-hour

charge. In this study, cathodic lithiation in the anode was referred to charge. After the initial
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15 cycles, the discharge capacity of the a-Si on the pristine copper became negligible owing
to the loss of electrical contact. In contrast, the a-Si on the FeClz-etched copper showed
stable cyclability upon 50 cycles, resulting in capacity retention of 81%. Figure 5.6
summarizes the mechanical behaviors of a-Si films on the pristine and roughened copper.
This study suggests that the surface treatment of the current collector also plays a role in the

cycling performance of the battery materials.
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Figure 5.6 (a) A schematic diagram of degradation processes of the a-Si anodes. The SEM
images of 250 nm evaporated a-Si films (b) on the pristine copper and (c) FeCls-etched
copper before cycling, after 1% lithiation, and after 10 cycles.
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CHAPTER 6. IN-SITU STRESS MEASUREMENTS WITH THE CRACK
OBSERVATION

6.1 Introduction

The stress evolution in the a-Si anode was explored by an in-situ stress measurement
technique as described in the previous chapter. The material failure subject to the stress
induced cracking during electrochemical cycling were evaluated by the quantitative stress
information. However, the detailed process of the material fracture has still remained
unsolved. For instance, whether or not the material forms fracture under the compressive
stress during lithiation or the tensile stress during delithiation has been an unclear issue.
Moreover, the critical film thickness to avoid fracture has been widely studied by numerous
literatures [46, 47, 85, 90, 141]. Those studies confirmed the existence of a critical film
thickness for fracture when the thickness is below 50~200 nm.

In this chapter, the detailed process of material fracture during cycling was evaluated
by the in-situ stress measurement with the crack observation using a white light
interferometry. The 40 nm thick Si film was evaluated to verify the critical thickness for
fracture. In addition, stress evolution depending on the potential window was discussed. The
250 nm and 500 nm thick Si film were also tested in order to clarify the thickness effect. The
main focus of this work is to elucidate the relationship between the stress evolution and the

fracture formation.

6.2 Experimental
For the fabrication of the cantilever, see Figure 4.4. The 40 nm, 250 nm, and 500 nm
thick a-Si films were deposited on the cantilevers in order to investigate the stress evolution

depending on the Si film thickness. Figure 6.1 shows the measurement setup for the in-situ
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stress measurement with the crack observation by using a WLI. The device was tested in a
homemade electrochemical cell. The active material (a-Si) was used as a working electrode
and it faced a lithium metal (as a counter and a reference electrode). Note that the a-Si film
was placed on the top of the copper cantilever beam, so that the film cracks were able to be
observed. A separator was placed between two electrodes in order to prevent a short circuit. A
liquid electrolyte (1 mol LiPFg in ethylene carbonate (EC) and dimethyl carbonate (DMC)
with 1:1 ratio) was filled in the cell. The WLI was used to measure the curvature of the
cantilever beam during electrochemical cycles controlled by a potentiostat (Gamry G300).
The white light 3D images before and after lithiation show that the beam was deformed by
the compressive stress induced by the volume expansion of the a-Si. After electrochemical
tests, the cells were disassembled and then rinsed with DMC solvent. SEM (JEOL JSM-
6510LV) was used to image surface morphologies of samples before and after cycling. The

acceleration voltage was 15 kV in SEM.
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Figure 6.1 The measurement setup with the cell configuration and the 3D interferometry
images before and after lithiation. Surface heights are depicted by the colors on the vertical
height scale on the right side.
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6.3 Results and discussion

Figure 6.2 shows the charge and discharge curve of the 40 nm a-Si film deposited on
the pristine copper and its corresponding stress profile. The inset plot shows the cycling
performance of the 40 nm thick a-Si upon 5 cycles. In order to investigate the stress evolution
depending on the potential window, we set the cut-off voltage from 0.05 to 1 V and from 0.01
to 2 V during the first three cycles and the rest of cycles, respectively. During the first
lithiation, the voltage gradually dropped until a voltage plateau appeared below 0.5 V and the
magnitude of stress was relatively small, which indicates the SEI formation. Below 0.5V, the
compressive stress started to increase linearly indicating the film began to flow elastically,
where the Si-Li alloy process occurred. The compressive stress reached a maximum value of
-0.6 GPa when the voltage was 0.38 V. With further lithiation, silicon experienced plastic
deformation in order to accommodate the additional volume expansion. The stress then
gradually decreased to -0.25 GPa, which suggests that material delamination caused the stress
relaxation during the lithiation process. The lithiated silicon was corresponded to LizsSi
having a capacity of 3099 mAh g™. During the first delithiation, the silicon experienced
tensile stress due to the volume contraction. Initially, the tensile stress increased rapidly to 0.4
GPa. With further delithiation, the stress reached 0.5 GPa, which was lower than that of the
tensile yield strength of the 250 nm thick film (~1 GPa) when the cut-off voltage was set to 2
V. Note that the cut-off voltage here was 1 V. This suggests that the silicon was not fully
delithiated and the volume did not return to the original state.

In the second cycle, the stress started to drop rapidly right after the end of the first
delithiation. This implies that the initiated SEI formation during the first cycle was stable
from the second cycle. The compressive stress began to flow plastically when the stress

reached -0.25 GPa and the stress increased slightly to -0.27 GPa. The stress relaxation was



71

not observed during the plastic deformation unlike the first cycle because the major material
fracture occurred in the initial cycle and the controlled cut-off voltage (1 V) was subject to
less stress induced cracking. The sequent stress profiles until the end of third cycle were
similar to the previous cycle. In the inset plot, the delithiation capacity during the first three
cycles were quite stable (~1700 mAh g). With the narrow potential window (0.05-1 V), the
volume changes associated with the stress induced cracking were minimized resulting in

stable cyclability.
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Figure 6.2 The voltage and in-situ stress profiles of a 40 nm thick a-Si film on a pristine Cu
during 5 cycles. (inset) The cycling performance upon 5 cycles. During the initial three cycles,
the potential window was set from 0.05 V to 1 V. During the rest of cycles, the potential
window was set from 0.01 V to 2 V.

Upon the fourth lithiation (potential window: 0.01-2 V), the stress began to flow
elastically like the previous cycle. At the end of the lithiation, the compressive stress was
shown to have slight reduction from -0.29 GPa to -0.22 GPa when the voltage was below

0.05 V indicating the occurrence of additional material failure due to the promoted Si-Li

alloying (LisesSi) corresponding to a capacity of 3492 mAh g*. Although the fully lithiated
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silicon was reported to be Liz75Si in the literature [122], such discrepancy might be attributed
to different cycling rates and inhomogeneous structures in the interface between the film and
the substrate. Upon the fourth delithiation, the tensile stress began to flow plastically when
the stress reached 0.4 GPa. The stress reached a maximum value of 0.75 GPa at the end of
delithiation indicating that the silicon was further delithiated when the cut-off voltage was set
to 2 V compared to the first three cycles when the cut-off voltage was set to 1 V. Upon the
fifth lithiation, the stress began to drop linearly and the slope was increased below 0.5 V,
suggesting the breakup and the reformation of SEI due to the large tensile stress during the
previous delithiation. The compressive stress reached -0.29 GPa at 0.26 V and the reduction
of the stress (from -0.29 GPa to -0.22 GPa) was observed below 0.05 V. Upon the delithiation,
the tensile stress was promoted to 0.76 GPa. In the inset plot in Figure 6.2, the delithiation
capacity in the fourth and fifth cycles was reduced from 3143 mAh g* to 2968 mAh g*,
which was attributable to the wide potential window (0.01-2 V) allowing further
accommodation of volume changes resulting in the capacity fading.

With respect to stress analyses addressed by numerous papers [47, 137, 142, 143], one
of the assumption was that the film is well bonded at the substrate in order to simplify the
model analyses. Based on the assumption, the critical thickness of films to avoid fracture was
derived as a function of the fracture toughness. The critical cracking size was expressed as

[90],

h, = 42 —=<& (6.1)

0%(1-v?)

where E, o and v are Young's modulus, yield stress and Poisson's ratio, respectively. G is the
cracking resistance which can be derived from the fracture toughness K. divided by E' = E for

plain stress. Substituting the parameters with known values, the critical thickness is between
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100 and 200 nm. Recently, Haftbaradaran et al. demonstrated the critical thickness for
fracture could be decreased due to the nature of a slippery interface between the film and the
substrate. They derived the critical cracking size as a function of the fracture toughness and

the interfacial sliding strength as following [85],

h. = 3E7l
cr — 1_.2\~3
(1-v*)oy

(6.2)

where 1o and I' are the interfacial sliding strength and the fracture toughness, respectively.
The estimated critical thickness was ca. 50 nm. In this thesis, the 40 nm thickness was chosen
to avoid fracture and verify the above equation 6.2. However, in this experimental stress
profile, the stress relaxation was observed during the plastic deformation, which suggests that
the material fracture still exists in the 40 nm thick film. Figure 6.3 shows the SEM surface
morphology of the 40 nm thick a-Si film after 5 cycles. Although most of films were still

intact with the substrate, the silicon formed nanocracks with the size of ca. 200 nm.

Figure 6.3 SEM images of the 40 nm thick a-Si film after 5 cycles.



74

The stress evolution with the increase in the film thickness was evaluated. Thicker
silicon films are known to have larger stress induced cracking and high inherent resistance,
which leads to a poor cycling performance. Figure 6.4 shows (left) the charge and discharge
properties and the stress profile of the 250 nm thick a-Si film on the pristine copper during
the first cycle, and (right) the corresponding optical images at certain state of charge and
discharge. During the first lithiation, the voltage gradually dropped until a voltage plateau
appeared below 0.35 V, which indicates the SEI formation. Below 0.35 V, the compressive
stress began to increase linearly indicating the elastic deformation, where the Si-Li alloy
process occurs. The compressive stress reached a maximum value of -0.82 GPa when the
voltage was at 0.23 V, suggesting the more mass loading induced the larger yield stress
compared to the 40 nm thick film (-0.6 GPa). With further lithiation, the compressive stress
began to flow plastically. The stress then gradually decreased to -0.32 GPa, thus the
relaxation of the compressive stress for the 250 nm thick film was 0.5 GPa. The stress
relaxation was approximately twice larger than that of the 40 nm thick film, which suggests
that more severe material failure results in the loss of contact, thereby relieving the stress
during the lithiation process. The lithiated silicon was corresponded to Lis,Si having a
capacity of 3070 mAh g™,

The film delamination and fracture could be determined by the optical images from
the white light interferometer. In the stress profile, position (a) was before the Si-Li alloying
began and the corresponding optical image displayed the clean surface. The position (b) is
where the compressive yield strength was reached. In the optical image (b), the dark surface
on the cantilever beam represented the crumbled film after the silicon developed undulation
caused by the volume expansion. The randomly distributed dark surface can be elucidated

due to the inhomogeneous nature of the Si-Li alloying at the high cycling rate (1C). The dark
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surface in the position (c) became larger at the end of lithiation.
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Figure 6.4 (left) Voltage and in-situ stress profiles of a 250 nm thick a-Si film on the pristine
Cu during the first cycle. (right) Optical images corresponding to certain points (a-f) at state
of charge and discharge. The potential window was set from 0.02 V to 2 V.

Upon delithiation, the silicon experienced tensile stress due to the volume contraction.
Initially, the tensile stress increased rapidly to 0.4 GPa, when the voltage was 0.4 V. With
further delithiation, the stress dissipation was observed, which was attributable to major film
cracking in addition to plastic deformation. After the tensile stress reached near zero, the
voltage began to increase steeply, which suggests that the Si islands storing Li ions lost their
electrical contact, thereby losing electrons rapidly. The position (d) is where the tensile yield
strength was reached. In other words, major film cracking occurred due to the promoted
tensile stress induced by the volume reduction. In the optical image (d), most of the film
became dark suggesting the film underwent loss of contact with the copper substrate (bright
surface). At the position (e) and (f), the copper surface became larger with the shrinkage of
the film during further delithiation.

The stress evolution with the 500 nm thick a-Si film was evaluated in the similar

manner as shown in Figure 6.5. During the first lithiation, the voltage gradually dropped until
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a voltage plateau appeared below 0.2 V, which indicates the SEI formation. The plateau
voltage was lower than the 250 nm film due to higher electrical resistance of the thick film
and the longer diffusion length, which takes longer time for Li ions to react with silicon.
Below 0.2 V, the compressive stress began to increase linearly indicating the elastic
deformation, where the Si-Li alloy process occurs. The compressive stress reached a
maximum value of -1.1 GPa when the voltage was at 0.14 V, suggesting the more mass
loading induced the larger yield stress compared to the 250 nm thick film (-0.82 GPa). With
further lithiation, the compressive stress began to flow plastically. The stress then gradually
decreased to -0.55 GPa. The lithiated silicon was corresponded to Liz1Si having a capacity of
2945 mAh g™*. Lower charge capacity compared to the 250 nm thick film (3070 mAh g*) was
attributable to the longer diffusion length of the thicker film leading to the limited access of

Li ions at high cycling rate (1C).
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Figure 6.5 (left) Voltage and in-situ stress profiles of a 500 nm thick a-Si film on the pristine
Cu during the first cycle. (right) Optical images corresponding to certain points (a-f) at state
of charge and discharge. The potential window was set from 0.02 V to 2 V.
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The optical images during lithiation were similar to the 250 nm sample. Upon
delithiation, the silicon experienced tensile stress due to the volume contraction. Initially, the
tensile stress increased rapidly to 0.2 GPa, when the voltage was 0.35 V. With further
delithiation, the stress dissipation was observed, which was attributable to material fracture in
addition to plastic deformation. The position (d) is where the tensile yield strength was
reached. In the optical image (d), most of the film became dark suggesting the film
underwent loss of contact with the copper substrate. At the position (e) and (f), the copper
surface became larger with the further delithiation. Compared to the 250 nm thick film, the
500 nm film had larger area of cracks and specially showed severe shrinkage of the film
during the volume contraction. Therefore, the interfacial sliding strength of the thicker film is
expected to be smaller than the thinner film. The lower tensile yield strength of the 500 nm
thick film converges to the equation 6.2 that the interfacial sliding strength is proportional to

the yield stress.
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CHAPTER 7. IN-SITU MONITOR ELECTROCHEMICAL PROCESSES
IN BATTERIES USING VIBRATING MICROCANTILEVERS

7.1 Introduction

A lithium ion battery is an electrochemical cell in which lithium ions move from the
negative electrode (anode) to the positive electrode (cathode) during discharge, and vice versa
during charge. Recently, there are intense interests to develop next-generation battery
materials [95, 144]. However, the main challenge is to maintain the stable electrode and
electrolyte interface. For example, silicon is a promising candidate of anode materials due
to its high specific capacity (4200 mAh g*). The capacity of silicon is ten folds of graphite
(372 mAh g*). However, the major drawback of silicon is the huge volume expansion (~up to
400%) upon insertion and extraction of lithium ions [21, 30]. The large volume change
causes significant mechanical stress, material degradation and loss of electrical contact.
Solid-electrolyte interphase (SEI) layers are passivation layers formed on electrodes during
the electrochemical cycles as a result of electrolyte decomposition. On the other hand, SEI
layers also protect stored lithium atoms from electrolytes. The SEI formation in silicon
anodes is hypothesized as an inhomogeneous and a dynamic process. Due to the fracture of
silicon electrodes, SEI may break and re-grow during electrochemical cycles [41, 43].
Nevertheless, there are very limited tools to in-situ monitor the formation and degradation of
SEI layers during the charge and discharge.

This thesis represents in-situ monitoring of electrochemical processes of lithium ion
batteries by measuring the frequency shift of vibrating micro-cantilevers made of a bilayer
structure (battery materials on copper). The electrochemical processes, including SEI
formation and lithiation are quantified by monitoring the shift of resonant frequency. The

mass changes of battery materials during charge and discharge cause frequency shift of



79

cantilevers. This method provides more kinetic and dynamic information of interfaces

between the electrode and electrolyte that are currently not accessible by other methods.

7.2 Experimental

Figure 7.1 shows the measurement setup for the vibration test. The device was tested
in a homemade electrochemical cell. The active material (a-Si) was used as a working
electrode and it faced a lithium metal (as a counter and a reference electrode). A separator
was placed between two electrodes in order to prevent a short circuit. A liquid electrolyte (1
mol LiPFs in ethylene carbonate (EC) and dimethyl carbonate (DMC) with 1:1 ratio) was
filled in the cell. A laser vibrometer (OFV534 Polytec) was used to measure the vibration of

the cantilever during electrochemical cycles controlled by a potentiostat (Gamry G300).
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Figure 7.1 The measurement setup of the vibration test.

7.3 Design
Figure 7.2 shows the operational principle of the conventional LIBs (top) and
proposed in-situ monitoring technique for the frequency shift of vibrating microcantilevers.

In a commercial LIB, graphite is an anode and LiCoO; is a cathode. A separator is placed
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inbetween to prevent a short contact. During the charge process (Li insertion), lithium ions
move from the cathode to the anode through the electrolyte. The electron flows from the
cathode to the anode through an external circuit. During the discharge process (Li extraction),
lithium ion moves back to the cathode and reverse reactions occur. In graphite anodes, the
SEI layer is formed during the first charging (lithium insertion). A stable SEI prevents
another decomposition of electrolyte, contributing to a longer cycle life.

In the bottom of Figure 7.2, a microcantilever was vibrated by piezoelectric actuator
that was embedded under the cantilevers. As an approximation, Hook’s law (F=ky) is

applied to the cantilever. We assume the tip displacement is directly proportional to the force

Ewt3
413

on the cantilever, and the spring constant (k) is given by k = , Where E is the modulus of

elasticity, and I, w, t are length, width and thickness of the cantilever, respectively. The
fundamental resonant frequency in the absence of dimpling can be approximated by f, =

1

k . . .
Pyl bow where m, is an effective suspended mass, and mg equals 0.24 times total mass of
0

suspended portion of the cantilever. The additive SEI mass (4m) can be determined by the

shift of resonant frequency (4f) using Am = —Z%Af. In liquid electrolytes, the cantilever
0

becomes heavily fluid loaded and generally exhibits overdamped responses. The quality
factor (Q-factor) is introduced to account for the energy dissipation, and is defined by

Q = LDrwHM \\here f, is the resonant frequency and Afrwam is the full width at half
0

maximum of the resonant peak (bandwidth). Q determines the smallest frequency shift that
can be measured and thus decides the minimum detectable mass shift of a resonator. The Q
value in liquid is typically low. It is critical to improve Q in order to improve the mass

resolution.
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Figure 7.2 (top) Working principle of a conventional LIB (bottom) In-situ monitoring the
frequency shift of vibrating microcantilevers made of battery materials on cooper.

7.4 Results and discussion

Figure 7.3 shows the frequency response of the a-Si anode over a wide range of
frequencies (~200kHz). There were a couple of resonant frequencies. The quality factor of
cantilevers in an electrolyte was less than 10. Therefore, there is a need to change the
microstructures in order to get a higher Q. Figure 7.4 shows the voltage vs time for the first
charging process and corresponsing frequency measurements in a half-cell configuration. We
applied constant current (2 A/g) to Li metal. The voltage started from open circuit voltage and
dropped to near 0 V with time. The cut-off voltage was set at 0.02 V. The vibration test scan
was performed at every 200 sec. During the first lithiation, we observed that there were two
distinct regions: when voltage was higher than 0.35 V and when the voltage was less than

0.35V. The voltage between 0.35-0.7 V was attributed to the SEI formation due to electrolyte
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decomposition. Voltage plateau at (0.02-0.3V) represents the transformation from a -Si to

Li.Si phase, which is associated with volume expansion.
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Figure 7.3 The vibration magnitude at different charge times. The first mode was 18kHz shift
to 16kHz during the first charge.
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Figure 7.4 (top) The first charge curve of a silicon anode (bottom) The in-situ measurement
by monitoring the frequency shift caused by the mass changes.
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At a lower voltage (<0.35 V), the slope of the frequency change was much larger,
indicating a different electrochemical process (Si-Li alloy formation). We also monitored the
deflection of cantilevers using a white light interferometer to characterize the stress profile
that was caused by Si-Li alloys [7]. The maximum stress was obtained around 230 mV, at
which the electrode experienced a plastic deformation and possibly fractures and degradation.
Interestingly, we observed a jump of frequency at a similar voltage using vibrating cantilevers.
After the cracking of electrodes, the new Si surfaces were exposed to the electrolyte. New
SEI layers were formed where additional mass changes occurred. The initial resonant
frequency fo before cycling was found at 18,400 Hz. At the cut-off voltage (0.02 V), the
frequency was shifted to 16,800 Hz due to SEI and Si-Li alloy formation. Considering the
total initial mass of the cantilever (43.35 ug), we estimated that the Li ions stored in the
silicon anode was approximately 7.89 pg. This in-situ study provides key information how
the electrodes degrades with time upon cycling. This method provides more kinetic and
dynamic information of interfaces between the electrode and electrolyte that are currently not

accessible by other methods.
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CHAPTER 8. CONCLUSIONS AND FUTURE SUGGESTIONS

8.1 Conclusions

In this thesis, we developed high performance negative electrodes using silicon nitride
thin films. Moreover, in order to quantify the material failure mechanism, we developed a
novel in-situ characterization techniques focusing on (1) the stress induced cracking, (2) mass
change of SEI and lithiated a-Si, and (3) surface roughness effect of current collectors.

In Chapter 3, we adapted a PECVD process using SiH4 and N, to deposit silicon
nitride for a lithium ion battery anode. PECVD nitride deposited at low RF power exhibited a
higher reversible capacity than bare a-Si. The incorporation of nitrogen reduced the specific
capacity of the anode but dramatically improved the cyclic stability. Silicon nitride was
converted into silicon with the formation of LisN by a conversion reaction. TEM of nitride
after 300 cycles confirms that silicon nanocrystals were uniformly embedded in a conductive
LisN matrix which prevented aggregation of the Si nanoparticles, resulting in stable
cyclability. In the future, we anticipate nitride can be made into powders for lithium ion
battery industry.

In Chapter 4, we presented a new in-situ monitoring approach for the mechanical
stress measurement of a Si thin film anode. The electrode is a bilayer MEMS cantilever
with an a-Si thin film thermally evaporated on the Cu substrate. The fabricated MEMS
cantilever was then mounted in the customized liquid cell in order to measure the
deformation using WLI system. The stress value was then derived according to our analysis
model based on a Timoshenko beam theory. This work is critical to the future development of
energy storage because it not only provides the guideline for optimizing electrode

configurations/structures but also enables the development of a control algorithm for a battery
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operation in order to prevent material fractures.

In Chapter 5, we demonstrated an in-situ mechanical analysis on the surface effect of
the current collectors for lithium ion battery anodes. The films were grown on the pristine and
the FeClz-etched copper. The lower Coulombic efficiency of the pristine sample was due to
the stress induced cracking caused by large volume changes. On the other hand, the
roughened surface of the FeCls-etched sample enhanced the adhesion at the interface between
the film and the copper current collector, which maintained structural stability against the
volumetric increase of the a-Si. The capacity fading of the a-Si on the pristine copper was
attributable to poor adhesion and severe fracture of the film caused by a promoted tensile
stress (0.28 GPa) during the delithiation process, where the stress dissipated. However, the
tensile stress of the a-Si on FeClz-etched copper was retained and further promoted to 0.4
GPa, which suggests that the film is still intact with the substrate. The stress measurements
allowed quantifying the fracture energy of lithiated a-Si. The fracture energies of Liz¢Si on
the pristine and roughened copper were estimated to be 4.9 J m? and 3.8 J m™, respectively,
at the peak tensile stress where the film began to flow plastically.

In Chapter 6, we demonstrated in-situ stress measurements with the crack observation
by using a white light interferometry. The 40 nm thick a-Si film was evaluated for the critical
thickness to avoid fracture. Even the film with the thickness below 50 nm forms fracture with
the size of 200 nm crack spacing, which the conventional study does not converge to the
experimental result. The 250 nm and 500 nm thick film show the compressive yield strength
of -0.82 GPa and -1.1 GPa, respectively. This suggests that larger yield stress stems from
more mass loading. In the optical images where the compressive yield stress was applied,
dark surface became larger representing the crumbled film after the silicon develops

undulation, which was induced by the volume expansion. The maximum tensile yield
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strength of the 250 nm and 500 nm thick film reached 0.4 GPa and 0.2 GPa, respectively. The
yield stress can be dependent on the occurrence of the fracture. In the optical images where
the tensile yield stress was applied, most of the film became dark and shrank with further
delithiation.

In Chapter 7, we presented a new in-situ monitoring technique to measure the mass
changes of a Si thin film anode. The cantilever was actuated by a built-in piezoelectric
actuator, and its resonant frequency was measured using a laser vibrometer. For the Si anode,
during the SEI formation (>0.35 V), the mass change was small. At the lower voltage range
(<0.35 V), the mass was significantly increased, indicating Si-Li alloying process followed
by huge volume expansion. Estimated Li ions stored in the a-Si thin film anode during the

first charging (lithiation) was approximately 7.89 ug.

8.2 Future suggestions

8.2.1 Development of silicon nitride anodes

As thin film nitride deposited by PECVD have been revealed as a promising
alternative candidate for the LIB anode material, the investigation has to be made into the
commercially available applications such as powder-type anodes. Although the Si-N
composite thin film was shown to have a long-lasting high gravimetric capacity;, it still shows
lack of the volumetric capacity due to its thickness limit. In this respect, two suggestions can
be made to adapt Si-N composition to the power-type anodes. First, PECVD nitride
deposition can be performed onto the surface of either synthesized Si particles or
carbonaceous particles. Second, prior to the material syntheses, Si or C particles can be
treated by a plasma nitriding, which ionize the flown gas (N;). A gas nitriding is another

option to diffuse nitrogen into heated target material. If the chemical composition of Si and N
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can be controlled by those methods, the optimal nitride anodes are anticipated to serve in the

LIB industries.

8.2.2 In-situ characterization technologies

In this thesis, microcantilevers were standardized for in-situ characterization
techniques. Si thin films were uniformly coated on the cantilever beam. In order to adapt any
other type of anode into the cantilever devices, advanced processes are required for the anode
fabrication. For example, powder-type anodes such as graphite and Si particles can hardly be
patterned by using a MEMS technigue. A laser cutting is a conceivable option to pattern and
shape such a thick film.

An in-situ cell chamber is likely imperfect design particularly when the cell is
operated outside of the glove box because oxygen may result in side reaction leading to low
Coulombic efficiency. Another reason is that the configuration of the in-situ cell chamber is
not identical as that of the coin cell because the surface of the cantilever anode is not under
the pressure unlike the coin cell. The optimal cell design is further required to improve
Coulombic efficiency which enhances the accuracy of the quantified information.

From a characterization perspective, further investigations need to be developed such
as thermal effects on the stress variation. The safety issue is the major concern due to the heat
generated within the cell, which results in degradation and ageing problems. To the best of
our knowledge, in-situ studies on the thermal effects have not been performed experimentally.
In this thesis, the model analysis uses Timoshenko beam theory, which can derive the strain
induced by the thermal expansion. It will be very interesting to investigate the stress
evolution by selectively heating the cell using a micro-heater.

We hope in-situ characterization analyses presented in this thesis to provide guidance
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for better design of silicon electrodes as well as directions for future modeling of lithiated
silicon. Moreover, the fracture mechanism depending on the cycling potential window and
thicknesses of active material will provide guidelines to engineer the electrode material as
well as cycling methods in order to minimize the material degradation. Finally, the practical
uses of high capacity Si electrodes are expected to be achieved for consumers’ needs in the

near future.
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ABSTRACT

DEVELOPMENT OF SILICON-BASED ANODES AND IN-SITU
CHARACTERIZATION TECHNIQUES FOR LITHIUM ION
BATTERIES

by
JINHO YANG
August 2014

Advisor: Dr. Mark Ming-Cheng Cheng
Major: Electrical Engineering
Degree: Doctor of Philosophy

Development of lithium ion batteries (LIBs) with higher capacity has been booming
worldwide, as growing concerns about environmental issues and increasing petroleum costs.
The demands for the LIBs include high energy and power densities, and better cyclic stability
in order to meet a wide range of applications, such as portable devices and electric vehicles.
Silicon has recently been explored as a promising anode material due to its low discharge
potential (<0.4 V) and high specific capacity (4200 mAh g*). The capacity of silicon
potentially exceeds more than 10 times of the conventional graphite anode (372 mAh g™).
However, the silicon anode experiences huge volume expansion (400%) and contraction
during electrochemical cycles, resulting in pulverization and disintegration of the active
material. For the improvement of the battery performance, understanding of the failure
mechanism associated with the stress evolution during cycling is critical.

This study aims (1) to develop high performance anode materials and (2) to analyze
the mechanism of the capacity fading using a novel in-situ characterization technique in order
to optimize the electrode design for better operation of the battery. The silicon nitride thin

film anodes were investigated for the improvement of cycling performance. In addition, the
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rate performance was enhanced by controlling the parameters in film deposition. Si-based
thin films undergo large stresses induced by the volume changes, which results in material
degradation and capacity fading. Hence, the in-situ measurement of the electrochemical
processes is critical to clarify how the electrode degrades with time under cycling. For the in-
situ measurement, a white light interferometry (WLI) and laser vibrometer were used to

gather quantitative data. Amorphous silicon (a-Si) was explored for the stress measurement.
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