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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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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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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
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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.
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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
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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).

Vibrometer Potentiostat
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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.



81

Negative

Postive
Electrode ~ + Electrode

M/?y’ Aluminum postive
current collector
° . -

Laser Frequency shift

source Detector

& Battery

material Am=-2 m/f, Af

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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