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Abstract

The electrochemical and mechanical properties of an amorphous SiggsSng3s com-
pound are studied as it reacts with Li. This material is shown by in situ x-ray
diffraction to remain amorphous during the reaction with Li. This unusual struc-
tural behavior is believed to account for the excellent capacity retention displayed
by Li/SigesSn0.34 cells. To study the changes in the morphology of SigesSngss as it
reacts with Li in sifu , a commercial atomic force microscope (AFM) has been placed
inside an argon-filed glovebox. To increase the sensitivity, the AFM has been placed
on a vibration damping system and surrounded by a draft shield. A heating element
placed inside the draft shield is used to maintain the entire microscope and sample at
a constant temperature. Using this AFM workstation, we show how SiggSng.34 can
reversibly react with Li to undergo volume changes on the order of 250%.

The AFM workstation has also been used to study a-Si, Sn, Al, and Mog g55n0.35
as they react with Li. In situ atomic force microscopy has been used to observe an
anomalous catalytic reaction occurring at the surface of Sn. In situ atomic force
microscopy has also been used to help identify a BCC Mog e55n0.35 phase as an inter-
metallic insertion material for Li. This unique reaction has never been reported for

any intermetallic system.
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“hapter 1

Introduction

1.1 Batteries

A battery is a device used to convert chemical potential energy to electrical energy
by means of reduction-oxidation (redox) reactions. Although the term “battery” is
often used, the basic electrochemical unit is called a cell'. A cell is made up of two
electrodes, an anode (negative) and a cathode (positive), submerged in an ionically
conductive medium, the electrolyte. During operation, the electrodes are connected
together by an external circuit. As the external circuit is closed electrons begin to flow
from the lower potential electrode to the higher potential electrode. By definition,
the anode is the electrode which gives up electrons® to provide the current and the
cathode is the electrode which accepts the electron®!.

The design of a battery is often dependent on the amount of work required. The

LA battery is a collection of cells connected either in series or in paraliel.

2The anode is oxidized and is called the reducing agent.

3By accepting the electrons the cathode is reduced and is called an oxidizing agent.

tFor simplicity, the electrode which is oxidized on the first discharge is usually called the anode
while the electrode which is reduced on the first discharge is called the cathode.



amount of work a cell can do is given by the change in Gibbs free energy:

AG® = —nFE (1.1)

where n is the number of electrons, F' = 96,487 C is Faraday’s constant, and £ is
the electromotive force (emf) of the cell. The emf of the cell can be defined from the

chemical potentials given by equation 1.2

E = _ Heathode — Hanode (1.2)
e
where for the case of a lithium-ion battery, fcanode 18 the chemical potential of Li
atoms in the cathode, fienode is the chemical potential Li atoms in the anode, and e
is the magnitude of the electron charge.

There are many different types of rechargeable batteries available on the market.
These range from lead—acid to lithium—ion, the latter being the subject of a great deal
of study due to its superior performance. Table 1.1 shows a comparison of different
types of batteries available.As can be seen, the lithium-ion battery out-performs all

other types of batteries on today’s market.

Table 1.1: Comparison of different types of rechargeable batteries.

Batteries Voltage (V) | Specific Energy | Energy Density
(Wh/kg) (Wh/1)
Lead—acid 1.98 35 80
Nickel-Cadmium 1.2 50 100
Nickel-Metal hydride 1.2 80 300
Lithium-Ion (C/LiCoOs) 3.6 165 420




1.1.1 Li-Based Batteries

Of all the metals, lithium has the lowest potential (-3.01 V versus NHE.}[1]. This,
along with its low density (p = 0.54g/cm?®), makes lithium metal an excellent choice for
producing high-voltage light-weight batteries. Lithium batteries were first introduced
starting in the mid 1970s [2, 3, 4, 5, 6, 7, 8, 9]. These first batteries used pure Li metal
as the anode while the cathode was either a transition metal oxide (such as MnO,
or V,0s) or a chalcogenide (such as MoS; or TiS;). Unfortunately the presence of
Li metal made these types of batteries very hazardous which prompted the search to
find safer materials to be used as anodes®.

To pursue this goal two schools of thought emerged: One of these focused on dif-
ferent types of graphites as possible anode materials. The initial success of graphite
fueled many research projects in many different laboratories [1, 10, 11]. The second
group focused on the use of lithium alloys or intermetallic compounds as a replace-
ment for lithium metal. In the following, we give a brief description of the different
philosophies taken by various research groups in the search for the best intermetallic
anode material. In doing so we hope to highlight the key points that have influenced
the anode materials studied in this work and more importantly the method used to
study them. For more complete reviews on lithium batteries the reader is referred to

the following references {1, 10, 11, 12, 13].

4A battery with lithium metal used as the anode is called a lithium battery. A battery in which
lithium atoms shuttle between the anode (not lithium) and the cathode is called a lithium-ion battery.




1.1.2 Lithium alloys

Since the early 1970’s, it has been known that lithium can reversibly react, at room

temperature, with many elements to form Li;M alloys where M can be Mg, Ca, Al, Si,

Ge, Sn, Pb, As, Sh, Bi, Pt, Ag, Au, Zn, Cd, Hg, Ba, Cetc... [1, 14, 15, 16, 17, 18, 19].

As shown in table 1.2, lithium alloys can supply large gravimetric capacities when

cycled versus lithium metal. However, due to cost, safety, and environmental con-

Table 1.2: Gravimetric capacities of lithium alloys.

Element M z in Li;M Capacity Comments

(mhA/g)

Ca 2 1337 Not electrically conductive

*Al 1 990 Inexpensive and good conductor

*Si 4.4 4200 Readily available and very affordable.
*Ge 4.4 1625 Readily available.
*Sn 4.4 993 Good electrical conductivity and inexpensive
Pb 3.75 485 Toxic

As 3 1073 Toxic
*Sb 3 660 Poor conductor of heat and electricity
Bi 3 385 Poor conductor of electricity

Pt 2 275 Expensive

Au 3.75 510 Expensive

Zn 1 423

Hg 3 401 Liquid at room temperature.

Ba 4 781

C 0.1667 372 Can be expensive

cerns, only the elements labeled with asterisks in table 1.2 have been predominately

considered for application as anode materials for lithium-ion batteries.

The reaction of Li with a metal M can be writfen as:

zLli+ M = Li,M. (1.3)



In the first studies, it was found that this reaction was often accompanied by large
volume changes in the lithiated host metal M [1, 10, 20, 21, 22]'. These volume
changes were believed to be the cause of the poor cycling performance observed
by these materials. In the late 1980’s and the mid 1990’s, the study of lithium
alloys was taken up by Huggins ef al.[23, 24, 25, 26, 27, 28] and Besenhard et al.
[1, 10, 11,_ 20, 21] who tried to understand the failure mechanisms in lithium alloys
and develop strategies to overcome them. It was proposed that the change in volume
occurring during the reaction with lithium caused large stresses in the host element M,
causing the electrode to suffer from cracking and crumbling. This “self pulverization”
was believed to cause loss of electrical contact between the active material and the
substrate which in turn led to short cycle life [1, 10, 20, 21].

As an example, the reaction of Li with Sn is described by a series of phase tran-
sitions dictated by the Li-Sn phase diagram shown in figure 1.1 {29]. Based on this

diagram, the room temperature reaction of Li with Sn occurs via the following path:

Steps 1and 6 2Li+55n =  LiySns

Steps 2 and 5  3Li+LiSns =  5LiSn

Steps 3and 4  4Li+3LiSn =  LisSns
31Li+5Li;Sns = 3LiySns

These phase transitions can be seen in the voltage profile of a Sn cell cycled against
lithium metal. Figure 1.2a shows the voltage as a function of lithium concentration,
z, of a Li/Sn cell. The voltage profile shows plateaus indicating two-phase coexistence
of different Li-Sn phases (steps 1 to 6 shown above). These plateaus can more easily

be seen in a graph of differential capacity versus cell voltage as shown in figure 1.2b.

These volume changes are the main concern of our study and will be expanded upon in the rest
of this thesis.
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Figure 1.1: The Li-Sn phase diagram shows the many phase tran-
sitions undergone when Li is allowed to react with Sn.

Plateaus in a voltage curve manifest themselves as sharp peaks in differential capacity

versus voltage. In figure 1.2 each phase transition as numbered above can be observed.

In short, the reaction of Li with Sn can be summarized as follows:

In the tetragonal tin phase there is one tin atom per 27 A3, Once the tin electrode
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Figure 1.2: a) Voltage versus Li concentration, z, of a Sn electrode cycled
versus Li. b) Differential capacity versus cell voltage of the Li/Sn cell from
panel (a).

has fully reacted with Li to form Lis4Sn there is one Sn atom for every 96 A3 [30].
This means that the volume surrounding each Sn atom increases by almost 4 times
after reacting with lithium. This corresponds to a 255% increase in volume calculated

by (Vy - Vi)/V; where V; and V; are the final and initial volume respectively.

Tin-Oxide Compounds

Due to their reaction mechanism, lithium alloys were found to be poor candidates
as anode materials for lithium-ion batteries. Because of this, many groups focused
their research on carbonaceous anode materials [1, 10, 11]. However, the study of
intermetallic electrodes was rejuvenated when, in 1997, Fuji Film Celltec Co. Ltd.

published results showing how amorphous tin oxide composites {(TOC) could be used



successfully as anode materials for Li-ion batteries [31]. Though their initial under-
standing of the reaction mechanism of these TOC was wrong, it was later shown by
Courtney et al. why these materials were so successful [32, 33, 34, 35, 36]. From this
study emerged a complete understanding of the reaction mechanism of TOC type
materials. Briefly, Courtney et al. showed that for samples like SnO:X or Sn0y:X
where X can be nothing or a variety of spectator compounds, the presence of oxygen
bonded to the tin caused a large source of irreversible capacity. The general reaction

can be described as follows:

SnO:X + 2Li

1 step one

Sn + ngOX

and further Li alloys with the formed Sn

Sn + LigO:X + 4.4Li
1 step two

Lig4Sn + LipO:X.

Step one shows the irreversible reaction of two Li atoms for every O bonded to Sn
and step two shows the reversible alloying of Sn with 4.4 Li atoms. The reaction of
O with Li, in step 1, constitutes the source of the irreversible capacity.

In their work, Courtney et al. also proposed an explanation for the failure mech-
anism of Sn-containing materials. As shown earlier, the reaction of Li with Sn occurs
via a succession of two-phase steps. Through careful consideration of the structures

of each phase, the authors argued that the transition from pure Sn to LiSn occurred



with little disturbance to the active regions of the electrode. Further lithiation of the
electrode from LiSn to LixnSns on the other hand caused drastic rearrangement of
the active part of the anode. This rearrangement came in the form of mismatched
boundaries between different Li/Sn phases. These different boundaries were believed
to be the site where the electrode could potentially crack and become electrically
isolated from the rest of the bulk. In figure 1.3 we reproduce figure 13 of reference

[32]. Figure 1.3a shows the poor capacity retention of a Li/SnO cell cycled between

0 400 800 1200

e
o

Figure 1.3: SnO/Li cell cycled
a) between 1.3-0 V and b) 1.3~
{ 04V.
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1.3 and 0 V. This voltage window allows the complete reaction of Li with Sn to form
Lis4Sn. However, figure 1.3b shows that when a Li/SnO cell is cycled between 1.3 and
0.4 V, excellent capacity retention is obtained. In this voltage window the lithium is
allowed to react with tin to the compositional limit of LiSn. This figure supports the
arguments presented by Courtney et al. [32].

In other work, Courtney et al. also showed that the concentration of Sn plays
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an important role in the cycling performance of these amorphous oxides [35]. In this
work it was clearly shown that samples of SnO:X with large concentrations of Sn
suffered greater capacity losses upon cycling than those with smaller concentrations
of Sn. The poor capacity retention was found to be caused by the aggregation of
Sn clusters in the electrode. With every cycle, Sn clusters grew in size allowing the
formation of two-phase regions during the reaction with lithium, ultimately causing

the electrode to fail.

Active/Inactive Materials

Since the unavoidé,ble presence of oxygen in Fuji-type materials caused large irre-
versible consumption of Li, which in a Li-ion cell is of a fixed amount, studies on
these materials have largely ceased. However, the initial work on these materials
inspired the study of what are now known as Active/Inactive materials.

The term Active/Inactive materials came from the idea of placing active materials
like Sn in an inactive matrix M. The purpose of the inactive elements M is to keep the
active element segregated in small clusters in order to avoid two-phase coexistence
during the alloying with Li. The first thorough study came from a study of the Sn-
Fe-C system [37, 38, 39, 40, 41]. In this work it was found that an active material
such as Sn,Fe mixed with the inactive material SnFe;C could produce a working
electrode capable of delivering approximately 200 mAh/g for over 50 cycles in the
voltage window of 1.3-0 V. This result is lower than the capacity of graphite (372
mAh/g). However, when converted to volumetric capacity, the Sn containing material
delivers approximately 1500 mAh/cm® which is a significant improvement over the

volumetric capacity of graphite, 800 mAh/cm3. Therefore, in cases where volume is
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important (cell phones or watches), this material would be preferred.

The biggest achievement obtained from the work on Active/Inactive materials was
to show that it is possible to disperse an active material in an inactive matrix without
requiring the presence of oxygen. Since the work from Maoc et al., many groups have
conducted studies on Active/Inactive materials. Despite this, no significant findings
have been published [42, 43, 44].

From the discussion given above, we can now summarize the key points:
1. Oxygen, when bonded to the active material, can cause large irreversible ca-

pacity [32].

2. Large volume changes cause the electrode to crack and possibly become electri-

cally disconnected from the current collector. [1, 10, 20, 21]

3. Best results are obtained when active materials such as Si, Sn, and Al are finely
dispersed inside the electrode. This eliminates two-phase coexistence during

the reaction with lithium. [32]

4. Minimizing the grain size of the active material improves the performance of

the anode material. [33, 37, 38, 39, 40]

5. In the limit of the above statement, amorphous materials perform much better

as anode material than crystalline materials®.

Active/Active Materials

While some have worked on mixing active materials in inactive matrices, others at-

tempted to mix active materials with different active materials. For example, Huggins

5 Although other groups have also stated this [45], this statement is based almost entirely on
unpublished research that has been conducted in our lab and at 3M.
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et al. prepared samples of Si and Cd dispersed in a Li;Sns matrix {24, 46, 25, 26]. In
that study it was found that good cycling could be obtained when the cells were cy-
cled in a way so as to leave the Li;Sn; phase unaffected. In a similar study, Besenhard
et al. prepared Sn/SnSb powders by electrodeposition [20, 21]. In that study it was
found that the more reactive phase (SnSb) would alloy with Li metal at a potential
of approximately 850-800 mV versus lithium metal (pure Sn reacts mostly at lower

potentials). Therefore, by restricting the depth of discharge to the limited reaction
Sn/SnSb + 3Li = Sn{Li;Sb + Sn), (1.5)

200 discharge/charge cycles could be achieved. This reaction, which delivers a capac-
ity of 360 mAh/g, is very close to that of graphite 372 mAh/g. However, when these
electrodes were discharged completely to 0.0 V, the samples delivered poor capacity
retention for the same reasons as described above.

Although the compounds Si/Li;Sns or Cd/Li;Sns and Sn/SnSb do not represent a
true Active/Active material, the idea of mixing active materials did not go unnoticed.
In 1999, 3M Corp. synthesized amorphous Si-Sn based intermetallic compounds de-
signed to serve as anode materials for lithium-ion batteries [47]. These materials
have been shown to deliver large specific and volumetric capacities without compro-
mising the cells’ capacity retention. Unfortunately, since this compound is a true
Active/Active material, it was predicted to undergo large volume changes when fully
reacted with lithium. For this material to ever be used as an anode material in com-
mercial lithium-ion batteries these volume changes must be known and understood.

Until recently [48, 49, 50, 51, 52], only a few groups have performed in situ stud-

ies of the morphology changes of electrode materials. To study these morphology
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changes, most researchers have been forced to fall back on er situ measurements of
electrode materials. The purpose of this study has been to develop a new and com-
plete system where an atomic force microscope placed inside an argon filled glovebox

is used to study the morphology changes of electrode materials in situ.

1.2 Samples

In the sections that follow, we will outline how, using combinatorial materials science,

a binary system such as Si-Sn can be studied in a time-efficient and effective manner.

1.2.1 Sample Preparation

All of the samples presented in this work were prepared by sputter deposition (see
appendix A for a brief description of the sputtering process.)

Two sputtering systems and approaches were used to prepare the samples in this
work. One sputtering system is well adapted to making a range of stoichiometries in
a single deposition as in combinatorial materials science. The other larger system is
well suited to the production of larger quantities of material of a single composition.
Combinatorial magnetron sputtering was performed using a Corona Vacuum Coater’s
(Vancouver, B.C. Canada) V3T system. The system is turbo pumped and reaches a
base pressure of 5 x 1078 Torrt . Two inch diameter targets of Si and Sn were used.

The sputtering chamber is equipped with a 40 cm diameter water-cooled rotating
substrate table and a stationary mask platform. The mask openings, shown in figure
1.4, were placed as near to the substrate table as possible. The curved mask opening

opposite to the Si target was designed so that a constant Si deposition rate (measured

tAt a pressure of 5 x 10~% Torr (6.66 uPa), a 1 cm® volume at 21° C contains 1.6 x 10° atoms.
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Figure 1.4: Schematic representation of the setup used
inside the sputtering chamber at Dalhousie University.
Sputtering masks are used to deposit a linear range in
composition z in the binary system Si;_.Sn,.

in A/em?/s) is maintained as a function of r as shown in figure 1.4 when the substrate
table is rotating . The curved mask opening opposite to the Sn target was designed
so that a linearly varying deposition rate is achieved as a function of r when the
substrate table is rotating. Sputtering and rotation rates were selected so that about
one atomic layer of atoms was deposited during each pass under the targets. Both

Sn and Si were sputter deposited using DC power supplies, operating at 50 and 300
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Watts respectively. The Ar flow rate was about 19 scem!, and chamber pressure was
maintained at 3.2 mTorr during the deposition. The substrate table angular speed
was 20 rpm.

From previous studies, it has been shown that intermetallic alloys with a high
concentration of Sn serve as poor ancde materials for lithium-ion batteries. For this
reason, samples of Si;_,Sn, were made with 0 < z < 0.5. In order to verify the
proper stoichiometry, the samples were studied by energy dispersive spectroscopy
(EDS) using a fully automated 733 JEOL electron microprobe X-ray microanalyzer
equipped with an Oxford Link eXL 131 eV energy dispersive detector. The 2 pum
electron beam was operated at 15 kV and 15 nA. Figure 1.5 shows the measured
stoichiometry as a function of the radial distance. The tin composition, z, is near 0.5
at the inner edge of the deposit (the inner radius r is 9.4 cm) and decreases almost
linearly to x = 0 at r = 18.3 cm. Moreover, the EDS analysis showed no signs of

impurities or contaminations from other elements.

1.2.2 Sample Processing

Once the proper stoichiometry of the samples was verified, the next step was process-
ing the samples in order to obtain the most promising material. In order to determine
the optimum shoichiometry it is important to know the qualities that enhance the
performance of an electrode material. Since the capacity of Si is 4200 mAh/g and that
of Sn is 990 mAh/g it would be beneficial to maximize the amount of Si in the sample.
However, since Si has a much higher electrical resistivity than Sn (ps; =~ 3% 108u)/cm

and ps, ~ 11p8)/cm at 273K [53]) the concentration of Sn must be sufficiently high

tThe unit sccm stands for standard cubic centimeter per minute which indicates the flow rate of
one cubic centimeter of gas at standard temperature and pressure per minute.
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Figure 1.5: Sn composition x in Si;_,Sn, plotted as
a function of the radial distance from the center of the
sputtering table.

to make the sample useful as an electrode material. Also, as stated earlier, amor-
phous materials perform much better as anode materials than crystalline materials.
With these factors in mind, the samples were first screened by performing resistivity
analysis and X-ray diffraction.

Resistivity measurements were made using a two-wire technique with silver painted
contacts to the Si;_,Sn, films. A two-wire measurement was deemed sufficient be-
cause the film resistance was normally between 102 and 10MQ. As shown in figure
1.6, strips of Siy_;Sn, for 0 < z < 0.5 were deposited on microscope slides. The

resistivity results were then measured four strips at the time. Figure 1.7 shows the
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Figure 1.6: Set-up used to measure the resistivity of
Si;—Sn, as a function of z.

resistivity (taken at 21° C) of Si;_,Sn, (solid dots) versus z for the films deposited
on the rectangular slides. The value of £ was determined from the position of the
slide (its value of ) and figure 1.4. The resistivity drops dramatically with z, until
about z = 0.3, where a change in slope is observed. The data match that collected by
Maruyama and Akagi (hollow squares) [54] quite well. However, the precision of our
data is much higher so that the change in slope at about = = 0.3 can be observed.
X-ray diffraction was performed using an Inel curved position sensitive detector
(CPS 120) and a PW 1720 Phillips X-ray generator using Cu Ko radiation. The
system is equipped with an automated XY motion stage, which makes it an ideal
tool for analyzing the combinatorial samples. (Theory of X-ray diffraction is given in
Appendix C at the end of this thesis.) Figure 1.8 shows x-ray diffraction patterns for
representative Si;_,Sn, samples with z = 0.24, 0.36, 0.40 and 0.53. All samples with
% < 0.36 are amorphous and all samples with z > 0.40 show evidence for crystalline tin

precipitates. We believe that the change in slope of the resistivity graph is probably
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Figure 1.7: Resistivity ((lcm) as a function of Sn composition z. Solid dots indicate
data taken by the present author and hollow squares show data from Maruyama and
Akagi [54].

caused by the onset of tin crystallization. The diffraction patterns of the amorphous
samples with z =0.24 and 0.36 in figure 1.8 are dominated by the signal from the
underlying glass slide because the films are only about 1 pm thick.

Based on the results in figures 1.7 and 1.8, the composition Sig ggSng 34 was selected
for electrochemical study. SiggeSng.ss has a relatively low resistivity and shows no ev-
idence for the precipitation of crystalline tin. The bulk of this thesis will be concen-

trated on the electrochemical, structural, and morphological properties of Sig.g65n0.34-



19

Logarithmic Intensity (arb.)

40 50 60

20 30
Scattering Angle (deg.)

Figure 1.8: X-ray diffraction patterns of Si;_;Sn, for a) z = 0.53, b) z = 0.40, c)
z = 0.36, d) = = 0.24. The peaks labeled with rhombuses are from crystalline Sn.



Chapter

Electrochemical Behavior of Si-Sn

Electrodes

In section 1.2 it was shown how Si-Sn samples were synthesized and screened re-
vealing SipgsSnp 34 as the most promising compound. In this chapter we discuss the

electrochemical properties of Sig 6510 34

2.1 Cycling Behavior of SiggsSng 34

Figure 2.1 shows the voltage versus capacity of a Li/graphite (2.1a) and Li/Sig ¢65n0.34
(2.1b) cell. As can be seen, the capacity of SigesSng.ss is vastly superior to that of
graphite. Moreover, figure 2.1b shows many qualities of the voltage curve of the Si-
Sn electrode. First of all, the voltage curve is smooth and free of plateaus indicating
the absence of phase changes occurring in the material during cycling. Also, the cell
suffers from a very small irreversible capacity and polarization. Furthermore, the

electrode’s low potential versus Li metal makes it an excellent candidate as an anode

20
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Figure 2.1: Comparison be-
tween the voltage versus capacity
of a) graphite (mesophase carbon
microbeads) and b) SigesSng.a4

material for commercial lithium-ion batteries. Figure 2.2 shows the capacity retention

of Sig.g6Sn0.34 a5 a function of cycle number for a cell discharged to a cutoff potential of

0.2 V. Few intermetallic electrodes have been shown to exhibit such excellent capacity

retention. More often than not, tin-containing electrodes have been shown to give

poor capacity retention due to the aggregation of Sn atoms within the electrode

material. As larger Sn clusters form with each successive cycle, discrete Li-Sn phases

begin to form causing large volume changes and cracking as discussed in section 1.1.

In order to try to understand the excellent cycling behavior of a Li/Sig gs5n0 34 cell,

an in situ x-ray diffraction analysis was performed.
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Figure 2.2: Capacity versus cy-
cle number of SipeeSngas cycled
versus Li metal at 30 ° C.
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2.2 X-Ray Characterization of SiggsSng 34

Figure 2.3a shows the x-ray diffraction pattern of powdered SipesSng.34 prepared in the
Randex sputtering system (see Appendix C for the theory of x-ray diffraction). The
x-ray diffraction pattern shows the alloy is amorphous as expected based on figure 1.8.

In order to more fully understand the structure of this amorphous material, the Debye

Figure 2.3: a) X-ray diffrac-
1 tion pattern of amorphous
. SigesSngss b) Simulated x-ray

4  diffraction pattern of a single Si
i 1 unit cell (with a = 5.6 A ) using

the Debye scattering equation.

Intensity (arb.)

20 40 60 80 100 120
Scattering Angle 26 (deg.)

scattering formalism (see Appendix C) was used to calculate the diffraction pattern
of a single Si unit cube containing 18 atoms, eight on the corners [(0,0,0), (1,0,0),
(0,1,0), (0,0,1), (1,1,0), (0,1,1), (1,0,1) and (1,1,1)], six on the faces [(1/2,1/2,0),
(0,1/2,1/2), (1/2,0,1/2), (1/2,1/2,1), (1,1/2,1/2), (1/2,1,1/2)] and four within the
cube at [(1/4,1/4,1/4), (3/4,3/4,1/4), (1/4,3/4,3/4) and (3/4,1/4,3/4)] [55]. The
calculated result that best matched the SigesSngss pattern was obtained when a
cube edge of 5.6 A was used. This is slightly larger then the accepted value a =
5.43 A for crystalline Si [55]. The increase is probably a result of the larger Sn

atoms incorporated substitutionally into amorphous Si (a-Si). Although not rigorous,
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this Debye calculation suggests that SigesSnoss has a short-range ordered diamond
structure, similar to e-Si [56].

Figure 2.4 shows the in situ x-ray diffraction results collected during the first
discharge cycle of a Li/SigseSng.ss cell. The cell was discharged at 19.7 mA/g (C/96
or 0.15 mA/cm2) to 0.2 volts for the first cycle. The voltage versus capacity curve
for the cell collected during the experiment is shown in panel 2.4e. The maximum
capacity of 860 mAh/g obtained for the first discharge represents approximately 2 Li
atoms per SiggsSng a4 formula unit. Some of the x-ray diffraction patterns collected
during the first discharge cycle are shown in order from top to bottom in panels 2.4a
to 2.4d. Each x-ray diffraction pattern took 2 hours to collect. The sharp peaks in the
diffraction pattern are due to various cell parts. The solid dots on the voltage curve
(2.4e) show the starting position at which each x-ray scan shown in panels 2.4 a-d
were collected. Figures 2.4 a-d show that the x-ray diffraction pattern of the electrode
develops broad peaks at 20 ~ 23° and 26 =~ 40° during the insertion of lithium.

The change in the 23° peak can more clearly be seen in figure 2.5a where the
x-ray diffraction pattern at the bottom of discharge (dark line) is compared to the
x-ray diffraction pattern of the fresh cell (light line). Displaying the two curves
together shows the existence of the broad peak. The broad peaks observed in this
work have often been observed in other Li-Sn-containing intermetallics and have been
explained in [57] by the local structure found in LisSns (or isostructural LiggSis). In
this structure, Sn atoms are arranged locally on the corners of tetrahedra that have
edges 3.3 A long.

The results from the first charge of the same Li/Li,Sige6Sng.34 cell are shown in

figure 2.6. As lithium is removed from the electrode, the broad peaks (panels 2.6
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Figure 2.4: (a-d) In situ x-ray diffraction patterns collected during the first discharge
cycle of a SigesSng 34 electrode cycled against Li metal discharged to 0.2 V. The sharp
peaks in the diffraction patterns come from various cell parts. (e) Voltage versus
capacity (bottom abscissa) and x-ray scan number (top abscissa) collected during the
experiment. The black dots on the voltage curve show where the x-ray scans began.
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Figure 2.5: a) Comparison between the x-ray diffraction pattern
of the fresh cell (light line) and the fully discharged cell (dark line).
b) Comparison between the x-ray diffraction pattern of the fully
discharged cell {dark line) and the fully charged cell (light line).c)

Comparison between the x-ray diffraction pattern of the fresh cell
(light line) and the fully charged cell (dark line).

a-d) slowly disappear until the x-ray diffraction pattern of the electrode at the top of
the first charge cycle resembles the x-ray diffraction pattern of the fresh cell. Figure
2.5b shows the x-ray diffraction pattern of the electrode at the bottom of the first
discharge cycle (dark line) and the top of the first charge cycle (light line). More

importantly, figure 2.5¢ shows a comparison between the x-ray diffraction pattern of
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Figure 2.6: (a-d) In situ x-ray diffraction patterns collected during the first charge
cycle of a SigesSng.as electrode cycled against Li metal charged to 1.3 V. The sharp
peaks in the diffraction patterns come from various cell parts. (e) Voltage versus
capacity (bottom abscissa) and x-ray scan number (top abscissa) collected during the
experiment. The black dots on the voltage curve show where the x-ray scans began.
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Figure 2.7: (a-d) In situ x-ray diffraction patterns collected during the second
discharge cycle of a Sipg55ng.34 electrode cycled against Li metal to 0.0 V. The sharp
peaks in the diffraction patterns come from various cell parts. (e) Voltage versus
capacity (bottom abscissa) and x-ray scan number (top abscissa) collected during the
experiment. The black dots on the voltage curve show where the x-ray scans began.
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Figure 2.8: (a-d) In situ x-ray diffraction patterns collected during the second charge
cycle of a SiggsSng 34 electrode cycled against Li metal charged to 0.0 V. The sharp
peaks in the diffraction patterns come from various cell parts. (e) Voltage versus
capacity (bottom abscissa) and x-ray scan number (top abscissa) collected during the
experiment. The black dots on the voltage curve show where the x-ray scans began.
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the fresh cell (light line) and the x-ray diffraction pattern of the electrode at the top
of the first charge cycle (dark line). Little difference is observed between the patterns
in figure 2.5¢ showing that the electrode returns to approximately the starting state.

In this same experiment in situ x-ray diffraction patterns were collected for the
second cycle where this time the cell was discharged to 0.0 V {approximately z = 4
in LiySigesSnos4). The results for the second discharge and charge cycle are shown
in figures 2.7 and 2.8 respectively. The same gradual increase in broad peaks at
26 ~ 23° and 20 =~ 40° (figures 2.7 b-d) are observed during the discharge. The 23°
peak (shown in figure 2.7) becomes more intense than the corresponding peak formed
during the first discharge cycle (to 0.2 V) shown in figure 2.4d presumably due to the
larger amount of lithium added to the sample. Figures 2.8 a-d show that as lithium
is again removed from the electrode the 23° and 40° peaks slowly disappear.

The x-ray diffraction pattern observed at 0.0 V (figure 2.7d) is very similar to that
found during the room temperature lithiation of Sn at the same potential [36]. Figure
2.9 shows a comparison between the x-ray diffraction pattern of a fully discharged
Sig.66Sn0.34 electrode (figure 2.9a), and a simulated x-ray diffraction pattern of a Li-Sn
tetrahedron (figure 2.9b). Such local tetrahedral arrangements of Sn atoms are found
in LigySns and Liy,Sis, where a Li atom is at the center of the tetrahedron and Sn
or Si atoms are at the four corners. The edge length of the tetrahedron was taken to
be 3.3 A , approximately the same as the nearest neighbor Sn-Sn distance in LigeSns.
The similarities between the two diffraction patterns are striking suggesting that the
local arrangements of Si and Sn atoms are similar to the local arrangements found in

Liggsns and LiggSig, .
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Figure 2.9: Comparison be-
tween a) the x-ray diffraction
pattern of a fully discharged
Sig.g6310.34 electrode and b) a sim-
ulated x-ray diffraction pattern of
a Li-Sn tetrahedron.
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Figure 2.10 shows by x-ray diffraction that the starting Sip 6sSn0.34 (dark line) ma-
terial is structurally different from the final lithiated material, Lis 4Sio.66Sn0.34 (light
line). However, the intermediate diffraction patterns in figures 2.4, 2.6, 2.7 and 2.8
appear by eye to be made up of a fraction of the pattern from the first scan of the
cell (figure 2.4a) and a fraction of the pattern from the electrode at 0 V (figure 2.7
d). In order to more fully examine this idea, we represented an arbitrary scan of the

electrode in the cell, Y,(m) as a sum:

Yncalc(m) = (1 - Z)ch(m) + va(m), (2.1)

where Y.%¢(m) is the calculated m™ data point of the n* scan, Ypc(m) is the m*™ data
point of the Fresh Cell scan (figure 2.4a), Ygy(m) is the m® data point of the scan

at 0 V (figure 2.7d) and z is a number between 0 and 1. The index, m, runs from
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Figure 2.10: Comparison be-
tween the x-ray diffraction pat-
tern of the fresh cell (dark line)
and the fully discharged cell (0.0
V) (light line), corresponding to
Li 4510 6651034
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1 to M, where M is the number of data points in each scan, in this case 900. The

goodness of fit, x?, defined as:

s 1 & Y(m) - Yeouo(m
> (m) (m)

AT (2.2)

was then minimized (using the solver feature of Microsoft Excel) by changing z.
Figure 2.11 shows some fits to data sets based on this app;oach. For example,
figure 2.11a shows that scan 11 of the first discharge is well fitted with z = 0.56,
figure 2.11c shows that scan 22 of the first discharge (figure 2.4d) is well fitted with
z = (.88, and figure 2.11e shows that scan 31 of the first cycle, during charge, is well
fitted with z =0.60. For the second cycle, figure 2.12a shows that the first scan of
the second discharge (scan 41 overall) is well fitted with z = 0.18, figure 2.12c shows
that scan 18 of the second discharge (scan 58 overall) is well fitted with z = 0.67 and

figure 2.12¢ shows that scan 51 (scan 92 overall) of the second cycle, during charge,
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is well fitted with z = 0.75. In fact, almost all the scans can be fitted well by this
approach as we show below.

Figure 2.13a shows the cell potential versus scan number, n, for the first two cycles,
figure 2.13b shows x? versus n and figure 2.13c shows both z and 1~ 2z versus n. Since
we are fitting a data set with random statistical noise by the linear combination of
two other data sets having random statistical noise, a “perfect” fit will have x? = 2.
(If a data set with random statistical noise is fitted to a noise-free calculation, then
it is well known that a “perfect” fit will have x*> = 1. In our case, a perfect fit has
x? = 2 because the calculated curve and the data set both have statistical noise).
Figure 2.13b shows that the fits give x* near 2 for most of the data sets proving that
all scans can be well represented by a linear combination of the scan from the fresh
cell and the scan from the fully discharged cell.

Figure 2.13c shows that as z in Li;SipesSno.34 increases, the diffraction pattern
shows more and more evidence of the local structure found in Lis4Sn or Lig4Si,
since z increases when z increases. When the lithium is removed from the electrode,
the diffraction pattern reverts to that characteristic of the local structure found in
the diamond lattice. The variation of z and 1 — z with scan number, or z, is not
perfectly linear. For example, there is a region in figure 2.13c near the start of
the experiment, when z does not change appreciably for the first 3 scans. This
may indicate that either the transferred lithium is consumed by irreversible surface
reaction and is not incorporated into the host, or that the transferred lithium is
incorporated uniformly interstitially within the diamond-like a-SigeeSng.34 structure
without causing significant bond rearrangements as found in Lis4Sn. In the range

from scans 60 to 78 in figure 2.13c, the variation of z with scan number slows. The
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Figure 2.11: a) Solid grey dots show the x-ray diffraction pattern of scan 11 of
the first discharge cycle while the solid line shows the fit to the data set using a
linear combination of the first scan and the scan taken at 0.0 V corresponding to
Lis ¢Sig.g6Sng.3s. b) Difference between scan 11 and the linear combination. c) Solid
grey dots show the x-ray diffraction pattern of scan 22 of the first discharge cycle
while the solid line shows the linear combination d) Difference between scan 22 and
the linear combination. e) Solid grey dots show the x-ray diffraction pattern of scan 31
of the first charge cycle while the solid line shows the linear combination f) Difference
plot between scan 31 and the linear combination.
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Figure 2.12: a) Solid grey dots show the x-ray diffraction pattern of scan 1 (scan 41
overall) of the second discharge cycle while the solid line shows the linear combination
b) Difference between scan 1 and the linear combination. c) Solid grey dots show the
x-ray diffraction pattern of scan 18 (scan 58 overall) of the second discharge cycle
while the solid line shows the linear combination d) Difference between scan 18 and
the linear fit. e) Solid grey dots show the x-ray diffraction pattern of scan 51 (scan 92
overall} of the second charge cycle while the solid line shows the linear combination
f) Difference between scan 51 and the linear combination.
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Figure 2.13: (a) Solid line shows the voltage versus x-ray scan number. Solid dots
show the position of the x-ray diffraction patterns highlighted in figures 2.11 and
2.12. (b) Goodness of fit x? as calculated by equation 2 versus x-ray scan number.
(c) Numerical value of (1-z) (circles) and z (triangles) of equation 1 versus x-ray scan
number.
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local structure of Sn and Si atoms found in Lis4Sn or Lig4Si may be predominantly
formed at smaller lithium concentrations (say near z = 2.5) and hence z would
approach 1 as observed. Adding further lithium would not impact the diffraction
pattern significantly since its scattering power is small, if the correct local arrangement
of Si and Sn atoms has already been established.

This in situ x-ray diffraction experiment clearly shows the room temperature
electrochemical reaction of Li with this SigggSng a4 electrode proceeds via a relatively
benign exchange reaction of the local environment of Sig g6Sng.a4 for the local environ-
ment of Lis4SipesSnoss . Since the material remains amorphous at all times during
cycling and since there are no plateaus in the voltage-capacity plot it can only be as-
sumed that these two local environments are distributed evenly throughout the bulk
of the material. This reaction mechanism is perhaps the main factor contributing to
the favorable cycling performance of this compound.

Finally, now that the reaction process is understood, it is possible to make some
statements about the origin of the hysteresis between charge and discharge displayed
in figure 2.1b. Figure 2.14 shows the voltage versus capacity for two Sip ¢5Sng.34 cells
cycled at 55°C (solid line) and 30°C (dashed line) at different current densities. In
order to see the hysteresis more clearly, the voltage curves have been normalized to
the same capacity during charge and discharge. The true discharge capacity has been
plotted, and the charge curve has been scaled to have the same capacity. From this
data, the difference in the average voltage between the charge and discharge cycle was
measured for each charge cycle. The average voltage between the discharge/charge
curves, or in other words the hysteresis, is plotted in figure 2.15 against the specific

current.
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Figure 2.14: Graph of voltage versus capacity of two cells cycled at 55°C (solid
line) and 30°C (dashed line). All voltage curves have been normalized. (a) Specific
current of the 55°C cell is 14.3 mA /g and the specific current of the 30°C cell is 16
mA/g. (b) Specific current of the 55°C cell is 28.6 mA/g and the current density of
the 30°C cell is 33 mA/g. (c) Specific current of the 55°C cell is 57 mA/g and the
specific current of the 30°C cell is 66 mA/g. (d) Specific current of the 55°C cell is
114.3 mA/g and the specific current of the 30°C cell is 133 mA/g. (e) Specific current
of the 55°C cell is 228.6 mA/g and the specific current of the 30°C cell is 266 mA/g.
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As expected, the hysteresis of the 55°C cell (circles) is less than the hysteresis of
the cell cycled at 30°C (rhombuses). The hysteresis of the cells does not approach
zero as the current density approaches zero. Therefore, the hysteresis is inherent and
the area between the charge and discharge curves represents the energy dissipated
during one charge-discharge cycle. We speculate that the energy is dissipated by
the changes in the local atomic environment around the host atoms that involve the
breaking and creation of new bonds involving the host atoms and lithium.

Using the results in figures 2.14 and 2.15, we can estimate the magnitude of the
energy dissipated by the hysteresis. Figure 2.15 shows that the offset between charge
and discharge is about 0.2 V. Figure 2.14a, for the lowest charge-discharge rate, gives
a capacity of about 4 Li atoms per SiggsSnps4 . Using equation 1.1 we can calculate
the hysteresis energy to be about 0.8 eV per Sig ¢sSng.s4 formula unit. Since chemical
bonds generally have energies on the order of a few eV per bond, we feel that the
measured energy is consistent with a change in the local environment of the Si and
Sn atoms.

In this chapter we have shown by electrochemical and in situ x-ray diffraction
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experiments how the reaction of Li with SipgsSngss occurs via the exchange of two
local environments. Since this material remains amorphous at all times during cycling
and since the voltage profile is smooth, it can only be assumed that the two local
environments are distributed evenly throughout the bulk of the material. This reac-
tion mechanism is believed to be the reason that a-SipgsSng.34 can undergo reversible

cycling over many discharge charge cycles without significant capacity loss.
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Introduction to Atomic Force

Microscopy

Since its invention in 1986 [58], the atomic force microscope (AFM) has become an
essential tool in materials science. AFMs can be used to study various materials
from conductors to insulators in different media ranging from ultra high vacuum to
liquid [59, 60, 61, 61]. AFMs have also been used to study chemical reactions such as

corrosion of metals and electroplating {62, 63].

3.1 Working of an AFM

Figure 3.1 shows a schematic representation of an atomic force microscope. The
central component of an AFM is the piezo electric tube (3.1a) [64], which is respon-
sible for moving the nanoprobe (3.1b) over the surface of the sample (3.1c). During
imaging, the deflection of the cantilever on the nanoprobe is detected by an optical

system. A laser beam from a diode laser (3.1d) is incident on the back of the cantilever

40
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d) Laser

g) Image signal

e) Optical
Detector

a) XYZ Piezo
scanner

b) nanoprobe f) Feedback

c¢) Sample fixed
in space

Figure 3.1: Schematic representation of an atomic force micro-
scope.

and is reflected into a position-sensitive optical detector (3.1e). The signal obtained
by the optical detector is then sent to the piezo scanner by means of a feedback loop
(3.1f). The signal is then used by the scanner by a method dependent on the imaging
technique employed!. The final signal (3.1g) obtained from the piezo scanner is then
sent to a computer where it is interpreted to construct the image.

The nanoprobes (Digital Instruments, Santa Barbara, Ca.) used in our experi-
ments are shown in figure 3.2. The type of nanoprobe used is highly dependent on
the imaging techunique used during the analysis. The nanoprobes shown in figure 3.2

are V-shaped and are used mostly for imaging in contact mode. The nanoprobes are

! As an example, while imaging in constant force contact mode, the signal from the optical detector
is used to either elongate or contract the piezo in order to maintain a constant force of the cantilever
on the sample.
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Figure 3.2: a) SEM image of a contact
mode V-shape cantilever. b) SEM image of
the pyramid-shaped tip under the cantilever.

made from SisN; and are gold-coated on the top to improve the reflectivity. The
pyramidal tip under the cantilever is approximately 3.5 pm deep with a 35° half an-
gle and a 5 to 40 nm radius at the apex. One of the most important parameters of
these cantilevers is the spring constant. Due to its importance, many groups have at-
tempted to calculate the spring constant from the geometry [65, 66, 67, 68, 69] while
others have proposed experimental proceduces {70, 71, 72, 73, 74, 75, 76, 77, 78].
For the cantilevers used in our work, the spring constant ranges, according to the
manufacturer, from 0.58 to 0.06 N/m.

Today’s AFM can be used to perform a multitude of tasks including surface imag-
ing, force sensing, friction analysis and many more. In all of our experiments, the
only imaging method used was constant force contact mode. In the next section, this

imaging method will be discussed and other techniques will also be highlighted.
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3.1.1 Contact Mode

The simplest imaging technique used in atomic force microscopy is contact mede.
There are two types of imaging technigues that fall under the category of contact
mode. The first one, which is the less common of the two, is called constent height
contact mode. In this method, the height of the piezo is kept constant as it rasters
over the surface of the sample. The change in height of the sample is detected by
the deflection of the cantilever. Because the maximum deflection of the cantilever is
small, this method is largely limited in the direction perpendicular to the sample, it
is used almost exclusively for imaging at atomic resolution.

The second type of contact mode imaging is constant force contact mode. In this
method, the force of the cantilever on the sample is kept constant by a continual
readjustment of the.piezo scanner. More precisely, as the scanner rasters over the
sample, the changes in topography of the surface are registered instantly by a small
deflection of the cantilever. When this deflection is observed by the optical detector,
it sends a signal to the piezo scanner instructing it to change its length in order to
restore a constant force of the cantilever on the sample. During the imaging process
two images are collected: the topograph and the deflection image. The topograph
image represents the AFM’s interpretation of surface of the sample. This is done
by converting the voltage used to elongate or contract the piezo to the distance by
which the piezo moved. The deflection image gives the instantaneous deflection of
the cantilever which can be interpreted as the error of the topograph. In the results

presented in this thesis, only topographic images are shown.
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3.1.2 Other imaging Techniques

There are many other imaging techniques practiced by atomic force microscopists.
Among these, one of the most widely used is fapping mode or intermediate contact
mode. In this method, as the scanner sweeps over the surface, the tip is made to tap
the surface repeatedly. Since the tip is never in contact with the surface at a single
point for more than an instant, there is no or little possibility for the tip to affect the
surface under study. For this reason, tapping mode is used to image soft materials
such as polymers and even bacteria. [79, 80, 81]

Another technique used is known as lateral force microscopy or simply LEM. This
method is used to study the frictional forces between the AFM tip and the surface.
This is done by monitoring the torque produced on the tip while it drags laterally
over a surface. To study the interaction between different surfaces, it is possible to
change the chemistry of the AFM tip.

As stated earlier, there are many other imaging techniques which can be used with
an AFM. Therefore, instead of continuing this survey, the reader is simply referred

to the following excellent references on atomic force microscopy [82, 83, 84, 85]

3.1.3 Imaging Artifacts

Imaging artifacts are a constant plague for atomic force microscopists. For this reason,
a short outline of imaging artifacts is given below.

Tip Artifacts

Depending on the manufacture, AFM cantilevers (including the tip) can have different

sizes, shapes and compositions. Despite this, tip artifacts are always present in AFM
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Figure 3.3: a) Numerical simulation
of an AFM image of a b) square surface
of constant height. Image was calcu-
lated with a c) pyramidal tip not shown
to scale. d) Cross section of the image
and surface shows the edges produced
by the finite size of the tip.

d)

I/ m——

images. The main tip artifact is due to the finite size of the tip. More precisely, each
AFM topograph is a convolution of the actual surface of the sample and the shape of
the tip (This is a generalization, as we will see in the next section. There are other
artifacts that influence the final AFM image). Since it is not possible to show an
example of an AFM image where the finite shape of the tip is the only artifact, we

show a theoretical example. Figure 3.3a shows the results obtained from imaging
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a single square step (3.3b) with a perfect pyramidal tip (3.3c). As can be seen, the
image produced shows the effect of the shape of the tip. This can more clearly be
seen in the cross-section shown in figure 3.3d. The tip displayed in figure 3.3c is not
shown to scale. For the calculations, realistic values were used for both the tip shape
and surface.

Other tip artifacts which can occur are due to damaged or imperfect tips. Figure

3.4 shows what is sometimes known as the double image effect. This occurs when

Figure 3.4: Effect known
as double imaging produced
by a defected tip with two
minima. Image is 24 x 24
pm in size. The vertical
contrast scale from dark to
light is 0 - 118 nm.

the tip has two distinct minima which both participate in the imaging process. The
end result, as can be seen in figure 3.4, is a superposition of two images which are

displaced by the distance between the two minima of the tip.

Scanner Artifacts

In the first AFMs, the cantilever was mounted below the intersection of three mutually
perpendicular piezos. In more modern microscopes, the scanner has been replaced
by a hollow tube piezoelectric ceramic with four metal plates on the outside and one
metal plate on the inside, as shown systematically in figure 3.5a [64]. A piezoelectric
material contains regions which carry a net dipole moment all pointing in the same

direction. In order to make the piezo move, a potential difference is applied across the
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Figure 3.5: a) Schematic representation of a piezo tube used in the AFM
scanner. b) Schematic representation of a piezoelectric material and the effect
of applying a potential across it.

plates. The potential difference V, creates an electric field E, which in turn applies
a force on the dipoles inside the piezo material. Depending on where and how the
potential difference is applied, the net effect causes the piezo to contract, elongate,
and/or bend. This is shown systematically in figure 3.5b.

Unfortunately, the piezo material is not an ideal, system because the strain is
not directly proportional to the electric field. Figure 3.6 shows the displacement as
a function of the applied voltage to the piezo material used in the AFM scanner.
The change in length of the piezo was measured using a linear voltage displacement
transducer (LVDT) connected to the same Keithley source-measure unit used to cycle
our cells. The light colored circles in the data show the first elongation of the piezo.
Starting from the rest position (0.0 V), the piezo is initially forced to elongate as
the applied potential is increased from 0 to 200 V. Decreasing the potential causes
the piezo to contract from approximately 4 ym to -4 ym as shown by the solid

line. The data also show that returning the piezo to the zero position requires an
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Figure 3.6: Displacement versus voltage plot showing
the hysteresis of a piezo material in an AFM scanner.

additional voltage. The data in figure 3.6 show four full hysteresis loops displaying
good reproducibility. This hysteresis is responsible for creating “shadows” on AFM
topographs.

A piezo material also suffers from creep. When a rapid change in voltage is applied
to a piezo its response can be separated into two parts: a rapid and a slow response
[86, 84]. The rapid response of the piezo happens almost instantaneously, whereas
the slow response will occur from 0.1 to 10 seconds or in the worse case up to 100
seconds later.

Because of the shape of the piezo tube and the bending it undergoes during the
scanning process, the AFM cantilever travels along the inside surface of an elliptical

paraboloid. Since the cantilever is not directly centered on the axis of the tube, the
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elliptical paraboloid has two different radii of curvature along the two perpendicular
axes (for example the x and the y axis in the cartesian coordinate system). This
geometry causes AFM images to be curved instead of flat. This curvature is known
as cross coupling [84] and can cause problems in converting raw AFM data to flattened
topographs?.

Figure 3.7 shows an example of the image artifacts due to tip shape, hysteresis,
creep, and cross coupling discussed above. Figure 3.7a shows a typical AFM topo-
graph of a commercial step grating. The image shown here has only been tilted.
Figure 3.7b shows a cross section of the grating. As can be seen, the side walls B
and D are not perfectly vertical due to the pyramidal shape of the tip under the
cantilever. Also, due to hysteresis effects, the slope of each side B and D are not at
the same angle. Hysteresis is also responsible for the difference in heights of points A
and E as shown by the solid line. These effects are all due to the fact that the voltage
required to contract the piezo is not the same as the voltage required to elongate it,
as shown in figure 3.6. Close attention to figure 3.7b shows an edge at point C and
a dip at point E. This effect is due to creep. As the piezo arrives at point A the
feedback loop sends a voltage to the piezo causing it to contract to what it believes
is the right height. However, creep in the piezo causes it to raise higher than the step
giving the impression of an edge at point C. In order to maintain contact between the
tip and the surface, the feedback loop must then send a voltage of opposite polarity
to slightly elongate the piezo. The effect at point E is exactly the same but in the
opposite direction. Finally, the cross section shows the cross coupling effect due to
the shape of the piezo tube and the relative position of the cantilever. By the naked

eye, the cross section data appears to be flat but it is only when we fit the data to

2A discussion on image flattening is given later in this chapter.
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Figure 3.7: Combined effects of tip shape,
hysteresis, creep, and cross coupling in an
AFM image. a) AFM topograph of a step
grating. b) Cross section of the AFM topo-
graph along the line in a).

an equation of the form:
fl@) = en(® — 2,)° + as(z — 2,) + a3 (3.1)

which describes a parabola (see dashed line in figure 3.7b), that the curvature can be

observed.
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3.2 Experimental Setup

Since lithium is air semsitive, our experiments had to be conducted in an inert at-
mosphere. For this reason, the AFM was placed inside an argon-filled glovebox and
mounted on a specially designed and carefully built vibration damping system [87].

Figure 3.8 shows the AFM inside the glovebox prior to its closing. The AFM sits

Figure 3.8: Picture of the AFM inside the glovebox.

on two granite slabs (a large one and a small one) suspended from the ceiling of the
glovebox by a combination of springs and bungee cords. The AFM sits on the smaller
granite block which in turn sits on the larger granite block separated by vibration
dampers (Arbor Scientific). Because the AFM is sensitive to air currents, a draft

shield was designed and constructed to allow for the continual circulation of argon
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gas inside the glovebox by the purification system.

To reduce thermal drift, a single heating element (approximately 20 x 20 x 0.8
cm in size) was placed directly in contact with the bottom of the small granite slab.
The heat from the heating element was used to heat the small granite slab which in
turn heats the microscope and sample by conduction and radiation. Due to the large
thermal mass of the granite, the temperature inside the draft shield was maintained
at a constant temperature of (30 £+ 0.1°C).

To perform the in situ measurements a wetcell was designed and constructed in

order to house the electrode under study as it reacts with lithium. Figure 3.9 shows

Figure 3.9: Wetcells used to house the sample during imaging. The wetcell on
the left shows the position of the sample and the position of the lithium foil which
acts as the counter electrode. The sample sits on a copper current collector which
is visible in the wetcell on the right.
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a picture of the wetcell used in our experiments. The wetcell on the left shows the
position of the sample and the position of the lithium foil (FMC 99.5%) which acts as
the counter electrode. The sample sits on a copper cﬁrrent collector which is visible
in the wetcell on the right. The well is then filled with electrolyte (1M LiPF; in (1:1)
EC/PC, EM Science) To measure the electrochemical data, a Keithley 236 system is

used.

3.3 Imaging Analysis

AFM images by themselves only show a “picture” of the morphology of the sam-
ple under study. In order to extract any quantitative information it is necessary
to engage in image analysis. In the experiments conducted in this work, continu-
ous imaging occurred for many hours during which time hundreds of images were
collected. Therefore, in order to analyze all these images, special image analyzing
software was developed. The first step in any analysis of AFM topographs is image

fatiening.

3.3.1 Image Flattening

Programs to perform image flattening can be found in large abundance on the internet
as freeware. However most of these work in a very specific manner and only analyze
one image at a time. For our work, it was necessary to develop our own image
flattening software.

Since it is impossible to mount our samples perfectly leveled, the AFM topographs

collected are both inclined in space and curved with two distinct and perpendicular
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radii of curvature. Therefore, the first step of our program was to fit (see Appendix
D for an example of the fitting method used in this work) our AFM topographs to a

plane of the form

z=a-—bx — cy. (3.2)

Figure 3.10 shows a two-dimensional schematic representation of geometry relating
the position and motion of the AFM cantilever, the surface data (solid line) and the

best fit plane (dashed line). Since the motion of the AFM cantilever is perpendicular

Motion of tip Is
perpendicular
to x-axls

Figure 3.10: Two dimensional
schematic representation of the geome-
try relating the position and motion of
the AFM cantilever, the surface data

Best Fit Plane ~--—- (solid line) and a best fit plane (dashed
Surface Data . hIl e)

to the x and y axes of the fitted plane, the AFM topographs were tilted by taking

the difference between the data and the plane as described by:

Image'®®*(x,y) = Image™*(z,y) — Plane(z,y). (3.3)

Once the image was leveled it was then necessary to remove the curvature. To do

this, the leveled data was fitted to an elliptical paraboloid of the form:
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2(z,y) = oz — 2,)* + Bly — vo)* + 7. (3.4)
However, because of the geometry of the system, the data could not simply be sub-
tracted from the elliptical paraboloid. Figure 3.11a shows schematically that the

surface

Fitted
curve

Actual
Height

Motion
of tip

Difference
Height

Figure 3.11: a) Motion of the AFM tip is perpendicular to the
curvature of the image. b) The real image heights are equal to the
difference in height between the sample and the fit times cos(#).

motion of the cantilever is perpendicular to the fitted paraboloid. Because of this it
was necessary to find the closest distance between each point on the surface data and
the fitted curve. In our case, this was approximated by taking the difference between
the data and the fitted curve and multiplying by cos(d) as shown in figure 3.11b3.
The cos(#) term is calculated by taking the scalar product of vectors V; and V, shown
in figure 3.11b.

Figure 3.12 shows a comparison between an AFM topograph of a silicon grating
3Typical values of cos{f) are 0.99998 with a standard deviation of 0.00002.
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(3 pm pitch) flattened with our flattening routine (3.12 a and ¢} and the commercial
software used to control the AFM (3.12 b and d). Besides the different contrast scale,
the AFM topograph flattened by our routine (3.12a) is the same as the topograph from
the commercial software {3.12b). Figures 3.12 ¢ and d show cross-sections of the AFM
topograph taken at the same point in both images (black line on the topographs).

Besides a small difference in heights, the two cross-sections are virtually identical.

b)
H
p=
B
=
2 & 6 8 10 12
h
d) Length (um)
o ¥ —
S, ]
5 od
o 2 4 6 B 10 12 %"oiiéa{n{z
Length (jum) Length (jm)

Figure 3.12: Comparison between images flattened by a) commercial and b)
our software. Each image is 13.9 x 13.9 pym in size.



hapter 4

In Situ AFM characterization of

Electrode Materials

Until now, this thesis has been concentrated mostly on the electrochemical behavior
of SipesSng.34 films. From this, a reaction mechanism was proposed where Li en-
ters the SigesSngss compound and causes hitherto undefined volume changes. This
chapter will discuss the volume changes undergone by Siggs5ng.34 and other electrode

materials.

4.1 Morphology of SijgSng 34 Thin Film Electrodes

Some of the largest and best-known expansions in solids are those that occur when
hydrogen is absorbed within metal hydrides [88, 89]. The reversible expansion is
characterized by the so-called “hydrogen-induced volume change” which has been
shown to be about 2.8 + 0.2 A® per incorporated hydrogen atom in most d-band
metal hydrides [89]. Typical metal-hydride systems like H,Pd and H,Ti can react

87
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to a level of z = 1 and z = 2 respectively, leading to overall volume expansions of
about 20 and 32%, respectively [89]. Such expansions, which have been observed
by various microscopy techniques, lead to particle fracture that can have important
consequences for hydrogen storage alloys in fuel cell applications and for nickel/metal
hydride battery electrodes [90].

The reaction of lithium atoms with a SiggsSng 34 film can be described by the
equation below:

4.41i + Si0,555n0.34 = Li4‘4Sio_6ﬁsng_34. (41)

As will be shown, this reaction is accompanied by a large volume increase in the metal
film as discussed in chapter 1. Figures 4.1a and b show a schematic representation of
a SiggeSng.34 film before and after its first lithiation, respectively. As lithium reacts
with a SipesSngss film, small clusters! within the film attempt to expand uniformly
in all directions, as shown in figure 4.1e . However, since the metal is restricted
in the plane of the substrate by the adhesion between the film and the sample and
also by the rest of the film, the net force is found in the direction perpendicular to
the substrate (4.1f). Therefore, the resulting volume expansion of the film is found
largely (if not entirely) along the axis perpendicular to the plane of the film. For
convenience, we will describe the plane of the sample as the x-y plane and the axis
perpendicular to the sample as the z-axis. Removing Li for the first time from the
fully discharged electrode causes the film to contract uniformly in all directions (4.1g).
This causes the film to crack as shown in figure 4.1c. In some cases, poor adhesion
between the metallic film and the substrate causes the film to curl during the removal

of Li. This is shown schematically in figure 4.1d.

!By cluster we simply mean any arbitrary small volume of material
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The first in situ morphology studies on Sipgeongas electrodes were performed
using an optical microscope by Kevin Eberman at 3M USA. The cell used for in
situ optical microscopy consisted of a glass chamber with a thin glass cover-plate.
A 7.5 pm SipeeSng 34 film sputtered on 130 pm thick copper foil was mounted as
the working electrode in a two-electrode cell with lithium metal as the counter and
reference electrode (the electrolyte was 1M LiPFg in 1:1 EC:DC). The holes used
for leads and for injecting the electrolyte (1M LiPFg dissolved in equal volumes of
ethylene carbonate and diethyl carbonate) were sealed with polypropylene hot melt
glue. A Sony CCD Color Video Camera DXC-151AP mounted on the microscope was
used to collect images of the sample magnified by either a 10x or 20x objective and
a 0.55x eyepiece. Digital images of the film surface were stored at 5 minute intervals
during the discharge/charge cycles. A constant current was applied such that each
cycle lasted 5 hours.

Figure 4.2 shows the results of an in situ optical microscopy experiment designed
to determine the degree of in-plane strain induced during the addition of lithium to
the film. The grid-lines are razor blade marks made prior to assembling the cell.
Three interruptions were made during the first discharge to determine whether the
metal film on the copper foil would expand in-plane over time. A careful analysis of
the grid-lines from the sample in its initial state (Figure 4.2a) and in its discharged
state (Figure 4.2b) showed that no measurable lateral expansion occurred despite the
fact that z in Li,SigsSng.34 reached 1.98, for which 145% volume expansion (based
on the fact that = has a maximum of 4.4) is expected. We conclude that the metal
expanded solely in the out-of-plane direction as it alloyed with lithium the first time.

After about one hour during the first charge (removing Li) the film shrinks and
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metal film e)

b &

substrate

Figure 4.1: a) Geometry of a metal film (dark) on a substrate (light). b)
The first reaction of Li with a film causes the film to expand along the axis
perpendicular to the film-substrate boundary (z-axis). ¢) Removing Li for the
first time from the fully discharged electrode causes the film to contract uniformly
in all directions. This causes the film to crack. d) Poor adhesion between the
metallic film and the substrate causes the film to curl upon the removal of Li
from the electrode. e) Each cluster of SiggsSngss (shown in light gray) wants
to expand in all directions. f) The net force causes the film to expand in the
direction perpendicular to the substrate. g) Removing the lithium causes the
clusters to contract.
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Figure 4.2: Selected optical micrographs corresponding to points labeled in the
voltage curve below. A scale bar displays the length of time that corresponds to a
charge transfer of 3.5 moles of lithium per mole of metal in the original film. Figures
a through e are at the same lower magnification, and figures f through h are at higher
magnification. j) Voltage versus time. The equivalent number of Li/SipeSno.34 and
capacity in mAh/g are indicated by the scale bars at the bottom of the figure.
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cracks (Figure 4.2¢c). At this magnification it is impossible to judge whether the cracks
form all at once or not. Now the particles of metal film delimited by the crack edges
shrink until almost all of the lithium has been removed (Figure 4.2d). This crack
pattern is similar to the crack pattern observed by ez sifu SEM studies performed by
Brousse ef al. on SnQO, thin films [91]. However, in their case, the particles formed
by the cracking were on the order of 100 nm while those shown here in figures 4.2 d,
f, and g are on the order of 100 um. Figure 4.2e shows that once the particles have
alloyed with lithium again to the level of figure 4.2b, the cracks become too small
to observe. The particle shape is almost perfectly preserved, causing the cracks in
the film to seemingly disappear. Indistinguishable twin views at higher magnification
(Figures 4.2 f and g) of the fully charged film show clearly that the particles maintain
their shape. The last image shows that even on this fine scale the cracks seem to
disappear. A “time-lapsed movie” of this experiment is available for viewing on the
accompanying CD or on the web-site www.physics.dal.ca/~dahn/Luc-Thesis.html.
Using in situ optical microscopy, an analysis was performed on the average size
of the particles formed by the cracks during the first charge cycle. Figure 4.3a shows
the average particle size of a 5.9 (e), 3.7 (¢), and 3.5 (H) um thick film as a function
of the first discharge capacity. The average particle size was calculated by taking the
square-root of the number of particles per unit area obtained from the optical images.
As can be seen, reducing the initial depth of discharge (less Li inserted) decreases the
average size of the particles formed during the first charge cycle. Assuming the
maximum capacity (2600 mAh/g) is accompanied by a 300 % volume expansion, we
can derive the average particle size as a function of the thickness of the lithiated film.

Figure 4.3b shows that plotting the average particle size as a function of the final
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Figure 4.3: Average particle size of a 5.9 (e), 3.7 (¢),

and 3.5 (M) pm SigeeSngs« film as a function of a) the
first discharge capacity and b) the final film thickness.

film thickness gives a more consistent result. We can qualitatively understand these
results by considering the stresses involved during the insertion and removal of Li. As
shown schematically in figure 4.4, there are two stresses involved in the contraction
of the film. The stress o, is responsible for cracking the film (at the fracture point)
while o5, at the film/substrate interface, inhibits the lateral contraction of the film.
If the forces at the film/substrate interface were greater than forces that cause the
film to contract, the film would not crack but simply contract vertically when lithium

is removed. However, in our case, since the film cracks, the interfacial forces must be
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Fracture
Film pojnt
Figure 4.4: Schematic represen-
tation of the stress (o and o) in-

volved during the delithiation of a
Sig.g6510.34 film.

less than the forces that cause the film to contract. Since oy is constant, the results
in figure 4.3 can be explained by monitoring the forces involved in o;.

Two films of different thickness, both lithiated to same amount, will crack at the
same value of o;. However, in the thicker film, the forces that cause the contraction
will be larger (since the cross-sectional area is larger) and therefore cause the film
to shear away from the substrate more easily. This, in turn, causes bigger particles
to form. The same results are obtained when two films of the same initial thickness
are lithiated to different amounts. The more lithiated film, which has undergone a
larger expansion, will exert a larger force (again due to the larger cross-sectional area)
during the extraction of lithium. And, as for the case above, the larger force will cause
the film to shear away from the substrate more easily and form bigger particles.

It appeared from this optical microscopy experiment that fracture occurs once
during the first charge, after which the particles shrink and expand reversibly without
further cracking. In order to determine whether the fracture does occur on a scale finer
than that perceptible with optical microscopy, AFM experiments were performed.

Figure 4.5 shows the results of a typical AFM experiment. The open circuit
voltage of the freshly assembled cell was 2.0 V. In order to reduce the average size of

the particles formed by the cracks during the first discharge, the cell was discharged
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tb 0.5V, and then the experiment began. Figure 4.5a shows the AFM image collected
after this initial discharge to 0.5 V. The vertical distance corresponding to maximum
contrast {white to black) and the lateral scan range are given in table 4.1. Figure
4.5b shows an image of the same region of the film after all available lithium has been
removed from the film. A crack can be seen in the lower right corner of the image.
Figure 4.5¢ shows the same region of the film after lithium had been added again to
the same level as in figure 4.5a, demonstrating that the crack closed as the segments

of the film expanded to their previous size. The scan range was then increased to 37

Table 4.1: Description of the images displayed in figure 4.5.

Images in | Value of z in | Lateral Image Maximum contrast
figure 4.5 | LizSio.665n0.34 Size (pm) from black to white (nm)®

a 0.3 19 150

b 0 19 138

c 0.3 19 140

d 0 37 185

e 0.3 37 150

f 1.0 37 185

g 0.5 37 270

h 0 37 440

i 1.0 37 175

j 0.06 37 1040

k 2.5 37 290

1 04 37 1900

a-Images were flattened to remove tilt.

pm to view more of the crack pattern, and selected to include the region previously
scanned (indicated by the white square in figure 4.5d). Figure 4.5d shows the AFM
image (lithium removed) after 5 discharge/charge cycles between 1.3 and 0.5 V with

two cracks present. The cracks closed as lithium was inserted to 0.5 V (figure 4.5c),
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Figure 4.5: Selected AFM images with scan ranges and contrasts given in table 2.
The images 4.5a-1 were collected at the corresponding points indicated in the voltage-
time curve. A scale bar displays the length of time that corresponds to a charge
transfer of 1000 mAh/g and another scale bar displays the time that corresponds to
the reaction of one mole Li per mole SiggeSng.sq -
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as shown in figure 4.5e. Up to this point only about 0.3 Li per SigesSngss had
been added and removed and the volume changes were completely reversible. Then,
further lithium (about 1 more Li per SipgsSnoss ) was added to 0.3 V (figure 4.5f).
No cracking or peeling occurred, suggesting that all volume expansion takes place in
the vertical direction. When lithium was subsequently removed, as shown in figures
4.5g and 4.5h, the original cracks (see 4.5d) opened to a much wider extent, but no
further cracking was observed from these images. In addition, the particles curled
substantially near their edges where they had detached from the substrate. Notice
the vertical distance corresponding to maximum contrast changed dramatically as the
edges curled (see table 2). Finally, figure 4.5i shows that the cracks closed and the
film flattened again when lithium was added once again to 0.3 V. Figure 4.6 shows
three-dimensional views of the film corresponding to figures 4.5h and 4.5i.

The cell was cycled a few more times and a different region of the film was selected
for imaging. Figure 4.5j shows the image when almost all the Li was removed. Lithium
was then added to a level of 2.5 Li per metal at 0.1 V (figure 4.5k). The cracks closed
and the curling of the edges was eliminated. Note that the cracks first closed at 0.3 V
(not shown), so between 0.3 V and 0.1 V, all of the expansion of the film must have
been in the vertical direction. Lastly, (figure 4.51) almost all the Li was removed and
larger cracks between more curled particles— but in the same places as those initiated
before — were observed. Most of the scan sequence (about 400 images) described here
is available for viewing as a “time-lapsed movie” on the accompanying CD or on the
web-site www.physics.dal.ca/~dahn/Luc—Thesis.html.

The sequence of events shown in figures 4.2 and 4.5 can be qualitatively understood

by considering the desiccation of mud. As an example, Figure 4.7 compares an optical
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b) 175nm

Figure 4.6: Three dimensional views of a) image 4.5h, and image
4.5i. The out-of-plane distance is shown using the contrast scale
given to the right of each image.

image of a film after a discharge/charge cycle with a photograph of dried mud. The
similarities are clear. There have been a number of experimental and theoretical
investigations of mud drying [92, 93] that are useful to our experiments. Groisman
and Kaplan [92] show that when the volume of a mud layer in a glass dish is reduced
by drying, cracks that extend to the base of the dish form at approximately the
same time, separating the mud film into separate “cells”. Further volume reduction

is accomplished by the shrinking of these cells without further cracking. Kitsunezaki
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[93] shows that during this shrinking, the edges of the cells slide with respect to the
stationary dish, while a “patch” at the center of the cell remains fixed with respect
to the dish. This is clearly shown in figure 7c of ref. [93].

The same seguence of events that occurs during the drying of mud also occurs here
as lithium is removed from the alloy film. First, a series of cracks form, creating sepa-
rate flake-like particles. The edges of the particles move with respect to the substrate
as shrinking occurs and the particle centers appear to remain firmly attached. It is
fortunate that the particle centers do remain attached, for the electrical connection
to the substrate is necessary for the transfer of the needed electrons to complete the
electrochemical reaction. Once the particles are formed, they are able to expand and
contract reversibly over a remarkable range as Li is added and removed. If enough Li
is added to cause the particles to touch, and then if further Li is added, the particles
must expand in thickness, or buckle away from the substrate. We have seen evidence
for both events in our studies, but have not shown examples of particles buckling
away here.

It is difficult to obtain a sense of the changes in film thickness from the images
presented in figure 4.5. In fact, images 4.5e and 4.5f look almost identical to the eye.
It is only when one performs a statistical analysis that one learns image 4.5¢ (RMS
roughness = 33.5 nm) is much rougher than 4.5f (RMS roughness = 26.9 nm). This
suggests that the film has expanded vertically in a perfectly proportional manner.
The top two panels (a and b) of figure 4.8 schematically show that if the thickness of
a thin film on a smooth substrate increases everywhere, so does the roughness. To
study the changes in roughness of the film, it is very important that the area analyzed

remain well adhered to the substrate. It is also important that the area chosen be



Figure 4.7: The resemblance of an optical micrograph of a) a Li-alloy film
after expansion and contraction to b) cracked mud in a dry lake bed.
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Figure 4.8: (a) Schematic representation of a rough film on a smooth sub-
strate. (b) Schematic representation of the film in (a) which has doubled in
thickness. (c) Change in RMS roughness of the electrode surface compared to
(d) the voltage versus AFM scan number.
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the same for all measurements. Therefore, the region shown by the white square in
figure 4.5e was chosen for the statistical analysis. From the images collected for the
experiment shown above, the RMS roughness {standard deviation) was calculated as

a function of lithium content. As is customary, the RMS roughness Rpps was defined

Rpms = \/ Zz_i(zz (4.2)

where IV is the total number of data points, z; is the vertical coordinate of the image

a8

and z, is the mean value of the z’s. The bottom panels in figure 4.8 show the RMS
roughness ( 4.8¢) of the highlighted area in figure 4.5g compared to the voltage curve
collected during the experiment ( 4.8d). The RMS roughness is a function of the
lithium content in the electrode. As lithium is added to the electrode (scan numbers
124 to 172 and 217 to 262) the roughness increases. Similarly, as the lithium is
removed from the electrode (scan numbers 172 to 217 and 262 to 304) the roughness
decreases.

Equation 4.2 shows that if all points of the film double (for example) in height,
then so does the RMS roughness. Hence, from the fractional change in roughness,
one could then deduce the total growth of the film. This analysis, however, assumes
that the underlying substrate is perfectly smooth. In the next section we will show
how to obtain the change in height of an electrode material from the RMS roughness

measurements.
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4.2 leasuring Volume Changes

4.2.1 Volume Changes from RMS Roughness

An in situ AFM study of thickness changes in nickel hydroxide electrodes has been
reported in [94, 95]. In both these previous studies, the change in thickness of the
electrode was studied by single point scanning. This method consists of maintaining
the AFM tip of the nanoprobe at a constant point on the electrode while monitoring
the elongation and contraction of the piezo necessary to maintain a constant force
of the cantilever on the sample. Also, in both these cases, the height changes were
observed over a span of only a few minutes. Although this method can be used to
obtain changes in thickness, it has two disadvantages. In the first case, single point
scanning does not allow for the morphology of the surface to be studied while the
thickness changes are occurring. This potentially represents a huge loss of information
on the topological properties of the sample. Secondly, due to the high temperature
sensitivity of most SPMs, it is very difficult to measure the thickness changes of a
sample for long periods of time. A change of 1° can easily induce sample drift which
can cause uncertainties in the measurements described above. In this section, we
introduce a new method for monitoring thickness changes in situ by AFM, while
obtaining, at the same time, information regarding the surface topography.

As discussed in the previous section, the fractional change in RMS roughness
is related to the total growth of a film. This analysis, however, assumes that the
underlying substrate is perfectly smooth. The average roughness of a thin film sample
is a convolution of the roughness of the substrate and of the film. To illustrate this

point, consider a hypothetical film with surface height z(z,y) of average thickness ¢
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Figure 4.9: i) Height distribution of stainless steel substrate and
ii) height distribution of the Si-Sn film.

with an inherent roughness Az(z,y), deposited on an initially rough substrate with

height s(z,y). With these definitions we obtain:

z(z,y) = s(z,y) +t + Az(z,y). (4.3)

Assume that a Gaussian distribution P(s) can describe the surface roughness of the
substrate. In the same way, a Gaussian distribution P(Az) can be used to describe
the inherent roughness of the film. Figure 4.9 shows the height distributions of both
the substrate (4.94) and the sample (4.941). The circles represent the data and the

straight lines represent the Gaussian fits. As can be seen, excellent agreement is
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obtained. These distributions are written as follows:

P(s) = Ae~/% (4.4)

P(Az) = Be 2%/%n:’ (4.5)

where A and B are normalization factors, and o, and o, are the standard deviations
of the substrate height and the film thickness, respectively. To obtain the standard
deviation of the film surface, we take the convolution of the substrate height and the

film thickness as follows:

P(Z) = AB/6—32/20’828_((Z_t)_,s)2/20.AzgdS

— Ne——(z——t)z/z(as?_;.agz) (46)

From equation 4.6 we obtain the RMS roughness of the film height: 0, = /0,2 + oa,2.
This equation shows how the roughness of the substrate influences the roughness
measurements of the film surface. Doing the same analysis for a film which expands
o times its initial height (¢ — ot and Az(z,y) — alz(z,y)) we get an RMS

roughness, oy {If - lithiated film), equal to g;y = \/0,% + (aoa,)%. Taking the ratio

oisf/o, we get a function of the form +/(¢? + a?)/{g? + 1) where ¢ = 0,/0oa,. This
function, plotted in figure 4.10 for oo = 2, shows the effects of the rough substrate.
Since oa, is fixed, increasing the roughness of the substrate quickly prevents direct
determination of the change in film height from the change in surface roughness.
Figure 4.11c shows the voltage versus both time (bottom abscissa) and AFM
scan number (top abscissa) collected during the first complete discharge (insertion of

lithium into the electrode) of this cell. During the discharge, the AFM topographic
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Figure 4.10: a) RMS roughness of a lithiated film o;; =
V(g>+4)/(g? + 1) plotted as a function of ¢ = o0,/0,, showing
the effect of substrate roughness on the ability to measure the dou-
bling of film thickness.

images were collected continuously. In order to minimize effects due to thermal drift,
the system was maintained at 30.0 & 0.05 ° using a Watlow (Winona, Mn.) heating
element and controller. Figure 4.11a shows the change in height calculated from
the unflattened raw data collected during this experiment. Each image was fitted to
a plane and then the average distance between the first image (scan number 9) and
each subsequent image was calculated. This analysis gives a film growth of 1.5 + 0.2
pm which, when added to the original film thickness of 1.2 & 0.1 zm, gives an overall
film thickness of 2.7 & 0.2 pm at the bottom of the discharge. Figure 4.11b shows
the results of monitoring the RMS roughness of the AFM images collected during
the discharge. The samples studied in this sectioﬁ were sputter-deposited at 3M. In
order to improved adhesion, an initial layer of Cu (approximately 10 nm) was first
deposited. Following, a 1.2 um layer of SipgsSng 34 was deposited. Since we did not
get a direct measurement of the RMS roughness of the Cu layer, the value of o, =

10 £ 0.1 nm found from averaging the RMS roughness of the stainless steel substrate
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measured from several samples was used. Hence, the analysis presented above gives
a value of @ = 2.1 £ 0.2 using q = 0.52 4 0.06. Applying this value to the initial
thickness gives an overall thickness of 2.6 £ 0.2 um which agrees well with the results
obtained from monitoring the piezo in the scanner.

The advantage of using the roughness measurements to extrapolate the thickness
changes over that of monitoring the contraction and/or elongation of the piezo ceramic
in the scanner is that roughness changes are independent (up to a limit) of thermal
changes. For example, the geometry of our system is such that the sample is held
beneath the scanner by three stainless steel supports approximately 1 cm in length.
A one-degree change in temperature can cause linear expansion in these supports of
over 100 nm. This elongation is then transmitted directly to the piezo as it tries to
maintain a constant force of the cantilever on the sample (in the case where constant
force contact mode is being used) and is registered as a spurious sample growth.
However, as long as the sample is still within reach of the scanner, the roughness
measurements are completely unaffected by changes in temperature.

For the sake of completeness, tip effects on our roughness measurements have
also been considered. All AFM images are a convolution of the actual surface of the
sample and the shape of the cantilever tip. It can easily be shown that for samples
with small surface features, the measured roughness is much smaller than the actual
surface roughness [96]. Figure 4.12 shows a typical cross section of an AFM image
of one of our SiggesSngss films and a sketch of the tip, to scale. The size of the
predominant surface features is in the micrometer range, while the radius of the tip
is in the 40 nm range. It is clear that the finite radius of the tip is not influencing

the measurements.



79

&
&

¢ 1 2 3 4 5 6
Position along scan line (um)

et
A

Surface Height (um)
&3
&

Figure 4.12: Cross-section of an AFM image compared
to an AFM tip described by a parabola with a 40nm
radius apex.

In this section we have shown, using a simple experiment and analysis, that AFM
roughness measurements can be used to infer film thickness changes, in cases where
the film thickness changes proportionally at all points of the film. However, the rough-
ness of the substrate on which the film is initially deposited is an important factor to
be considered, for it influences the experimental results profoundly. When quantita-
tive results are needed, the use of smooth or previously well-characterized substrates
is recommended. In the next section we develop a better method to measure total

volume changes of electrode materials.

4.2.2 Volume Changes from Patterned Surfaces

In the previous section we showed how to calculate the change in thickness of a thin
SigeeSngsq film as it reacts with Li. The goal of this work, however, is to measure
total volume changes of small sized electrode materials. This, we believe, would give

us a better indication of how powdered samples would behave in an actual battery
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electrode. In order to measure these volume changes, patterned samples were prepared
by using a fine mesh (SPI supplies, West Chester, PA. 7.6 x 7.6 pm square openings
as shown in figure 4.13) as a sputtering mask. Since the sputtering process is not as
ballistic as expected, the mesh had to be held in perfect contact with the surface of the

substrate. Figure 4.14 shows a schematic representation of the holder used to prepare

Figure 4.13: Mesh used to pro-
duce patterned electrode materi-
als.

patterned electrodes. The shop-made holder presses the mesh onto the substrates
with a coarse concave-shaped grid. Since the concave grid has larger openings then
the mesh, the atoms or clusters of atoms ejected from the target during the sputtering
process can travel through the grid and on the mesh or through the openings of the

mesh onto the substrate.

Volume Corrections

In section 3.1.3 we showed how an AFM with a finite-sized tip would interpret a single

square step. During the imaging process samples are tilted in space, typically on the
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Figure 4.14: Assembly for mak-
ing patterned surface electrodes.

2} Top and bottom pieces
b} Substrate

¢) Fine mesh

d) Coarse mesh

&) Opening to above

£) Crystal bond

£) Set screws

order of about 1 to 2 degrees, as shown schematically in figure 4.15a. In such a case,

the AFM topograph would appear skewed as shown in figure 4.15b. Therefore, in

Figure 4.15: a) Schematic rep-
resentation of an AFM tip and a
square pulse sample inclined by
and angle ¢. b) Schematic rep-
resentation of an AFM topograph
of a tilted square pulse sample.

order to understand the measured volume changes we calculate the change in volume
of the object shown in 4.15b.
Consider a square step sample of height h, width w, and length . Assume the

sample is tilted in two mutually orthogonal directions by angles ¢ and §. Lastly, let
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Figure 4.16: Volume analysis of a square pulse as seen with an AFM. a)
Schematic representation of an AFM image of a square pulse. b) Four corners
of the measured volume shown in a). ¢) Cross-section A-A d) Cross-section
B-B.

the AFM tip have a half-angle of 8. The measured volume of the square pulse can

be broken down into 9 regions as shown schematically in figure 4.16. The volume of



the first five areas is given below:

Region 1
Region 2
Region 3
Region 4

Region 5

hwl

1
-Q-whz tan{X)

1
iwh2 tan(p)

1
—2—lh2 tan(&)

1

2lh2 tan(¢)
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(4.7)

where £ =0+ ¢, (=0—¢,p=6+f, and A = 6 — B. Regions 6 to 9 are the four

corners of the AFM topograph. As shown in figure 4.16b, the four corners form a

pyramid of height h. The volume of the pyramid can be calculated by summing the

cross-sectional areas perpendicular to the height in the following way:

Vo

i

= %(tan()\) + tan(p))(tan(€) + tan(¢))A®

h
/0 (tan(}) + tan(u))(tan(€) + tan(¢))z’dz

(4.8)

Using equations 4.7 and 4.8, the total volume of the square step as measured by the

AFM is given by:

Volume = lwh+ %th(tan(f) + tan(¢)) + —;—whz(tan(,u) + tan(A))

+L(tan(3) + tan () tan(e) + tan(C))A°

(4.9)

Figure 4.17 shows a plot of the percent error of the measured volume (calculated

by 100x (measured volume - real volume ) / (real volume)) as a function of the tower
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height for the case where § = 35°, [ = w = 10 ym, ¢ = 1.0° and f = 1.5°. As can be
seen, for a height of about 500 nm, the error on the volume is about 7 percent. In our
measurements we desire to reduce as many sources of error as possible. Fortunately,
the percent volume change of equation 4.9 as a function of the height h is the same as
the percent volume change of real volume = hwl. Therefore, in what follows we will
quote percent volume and percent height changes. Also, the percent volume change
is irrespective of the actual height measured by the AFM which can be inaccurate if

the AFM scanner is not properly calibrated.

40— T —
!
g 8t .
h 3
= g 6 1 Figure 4.17: Percent vol-
g i 4r 4 ume error of a square step
32 ol 1] as measured with an AFM
ol plotted versus the height of

0 04 02 03 04 05 06 L0x10um squarestep.
Height (pum)

4.3 Volume Changes of Patterned a-Si Electrodes

Si samples were prepared by RF magnetron sputtering on highly polished stainless
steel substrates. To prepare patterned electrodes, the substrates were mounted in
the holder shown in figure 4.14. Si was also sputtered on Cu foil for x-ray diffraction
analysis and for electrochemical testing in standard coin cells.

Figure 4.18 shows the x-ray diffraction pattern of sputtered Si on Cu foil. As

shown by upside down triangles, the Si sample is amorphous (a-Si). The sharp peaks
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Figure 4.18: X-ray diffrac-
tion pattern of an ¢-Si film.
Sharp peaks come from the
Cu substrate on which the
film was deposited.

in figure 4.18 come from the Cu foil substrate. Figure 4.19 shows the voltage versus

capacity (4.19a) and capacity versus cycle number (4.19b) for a-Si cycled versus Li

metal. The voltage profile of a Li/a-Si cell is very similar to the voltage profile of the

Li/Sig g65m0.34 cell shown previously. However, unlike Sig ¢65n¢.34, a-Si does not show

good capacity retention.

Capacity (mAh)
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Figure 4.19: a) Voltage versus capacity and b) Capacity versus cycle number

for a Li/Si cell.
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Since Si reacts so readily with oxygen, elemental analysis was performed on an a-Si
tower. Energy dispersive spectroscopy (EDS) was used to detect Si (from the sample),
Fe and Cr (from the substrate} and wavelength dispersive spectroscopy (WDS) was
used to detect O. Figure 4.20a shows an SEM secondary electron micrograph of a
Si tower. Figure 4.20b shows the atomic percentage of Si (left ordinate) shown by
rhombuses and the atomic percentage of oxygen (right ordinate) shown by circles. For
clarity, the atomic percent of Fe and Cr have been omitted. The white dots in 4.20a
show the approximate size (1 pm) and location where the electron beam interrogated
the sample. The size of the white circles also show the approximate diameter of the
electron beam used during the analysis. As can be seen from figure 4.20b there is
only a minute amount of oxygen present in the sample. It is unlikely that oxygen is
only located on the right hand side of the sample. The reason why oxygen is only
detected on a single side is probably due to the location of the diffraction crystal in
the WDS spectrometer.

Figure 4.21 shows topographic images taken during an in situ AFM experiment
performed on a Li/a-Si cell. In order to view the towers more easily, the AFM
topographs have only been tilted instead of flattened. The maximum value of the
contrast scale as well as the approximate heigﬁt of each tower is given in table 4.2.

The a-Si towers appear to be smooth and show virtually no lateral changes from
the reaction with Li. Because of the vertical contrast scales of these AFM topographs
are all from dark (minimum height) to light (maximum height), it is not possible to
observe the change in height of the tower. This information can only be obtained
from an analysis of the AFM topographs.

Figure 4.22 shows the results from the analysis of the in situ AFM experiment
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Figure 4.20: Elemental analysis of an a-Si tower. a) scanning electron micro-
graph of a Si tower. The white dots show the approximate location and size of
the electron beam. b) Amount of Si and O in the sample. The contributions
of Fe and Cr are not shown.
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Figure 4.21: Topographic images obtained from an in situ AFM experiment on a
patterned a-Si sample. The solid dots on the voltage versus time (bottom abscissa)
and AFM scan number (top abscissa) curve shows the state of charge where the AFM
topographs were obtained.
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Table 4.2: Height changes of a Si tower as it reacts with Li.
AFM Number Maximum height Approximate Height of Tower

000 280 nm 210 nm
025 235 nm 215 nm
051 240 nm 221 nm
130 850 nm 757 nm
175 320 am 303 nm
191 260 nm 249 nm
264 900 nm 742 nm
325 320 nm 254 nm
393 1000 nm 715 nm

shown in figure 4.21. Panel 4.22a, b, and c show the change in area, height and volume
respectively, undergone by the tower during the reaction with lithium compared to
the voltage profile shown in figure 4.22d. The first discharge (4.22d) shows a spurious
capacity during which no change in height or volume is detected. As we discuss
below, this irreversible capacity comes from various components of the wetcell. The
fact that there is no change in both height and volume makes this argument probable.
The change in height and volume are a direct function of the lithium content in the
electrode. Figure 4.22 also shows that the a-S5i electrode does not return to its initial
volume after the first cycle. The change in volume obtained from this experiment is
approximately 300%. In crystalline Si, each Si atom occupies a volume of 20 A3t
When Si reacts with Li to form Lig 4Si, each Si atom occupies a volume of 82A3. This
represents a 311% volume expansion. This value is consistent with that measured on
a-Si.

As mentioned above, the first discharge of patterned a-Si cycled versus Li is very

t Amorphous Si adopts a short range diamond structure similar to crystaline Si. Therefore as-
suming each Si atom occupies the same volume in a-5i as in crystalline Si is a fair approximation.
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different from that of an ¢-Si film cycled versus Li measured in a coin cell. As can be
seen from figure 4.23, the voltage of the patterned electrode is much higher for the
first half of the discharge. In a standard coin cell, approximately 6 drops of electrolyte
are used, whereas in our wet cell, approximately 1 mi of electrolyte {(about 80 drops)
is used. Also, coin cells are typically cycled with currents on the order to 20 uA. The
patterned electrodes that we study are cycled at approximately 2 to 5 uA. Therefore,
any contaminations in our electrolyte, which would not be noticeable in coin cell data,
would be amplified many times over in our wet-cell. It is also suspected that the Cu

current collector may be a source of the irreversible capacity. Previously, part of the
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Figure 4.23: Comparison between the voltage curve of

a coin cell made from a a-Si film and an ¢-Si patterned
electrode cycled in our AFM wetcell.

cleaning procedure for our wet-cell involved drying it in an oven at approximately
80-100°C for several hours in order to remove the moisture from the washing process.

Unfortunately, heating the wet-cell at these temperatures favors the formation of CuO
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on the Cu foil. During the initial discharge, lithium therefore reacts irreversibly with

the oxygen at the surface of the current collector.

4.4 Volume Changes of Patterned Sn Electrodes

Recently it has been reported that pure Sn, (made by electrodeposition, sputtering,
and powdered Sn from different manufacturers) when allowed to react with lithium,
acts as a catalyst for the decorﬁposition of electrolyte [97, 98, 99]. In this section we
will show, using in situ atomic force microscopy, the decomposition of electrolyte on
the surface of pristine Sn. We will also show, using the method described in reference
[97], how the decomposition process can be “bypassed” enabling the volume changes

of Sn to be measured.
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Sn electrodes were made by sputter deposition on stainless steel substrates and

on Cu foil. Figure 4.24 shows the x-ray diffraction pattern of sputtered Sn on Cu foil.
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The sputtered Sn is crystalline, giving sharp diffraction peaks shown by triangies.
The other diffraction peaks shown by solid dots come from the Cu foil used as the
substrate.

Patterned Sn samples were also prepared using the method described above. Fig-
ure 4.25a shows an SEM secondary electron micrograph of patterned Sn. The surface
morphology of Sn is quite different than a-Si shown in the previous section. The fea-
tures of the Sn towers are a result of the fact that Sn is a strong diffuser and prefers
to aggregate in large clusters of Sn. This is exactly as shown by reference [35]. Figure
4.25b shows an SEM backscatter image of patterned Sn taken at a slightly larger
magnification. Since Sn has more electrons than both Fe and Cr (in the substrate),
it appears bright in an SEM backscatter image. Therefore, from figure 4.25b we see
that there is no Sn between the towers.

In order to detect any oxygen, electron probe analysis was performed on the same
sample. Figure 4.26 shows a compositional analysis of a single Sn tower. As above,
energy dispersive spectroscopy was used to detect Sn, Fe, and Cr while wavelength
dispersive spectroscopy was used to detect oxygen. Figure 4.26a shows the SEM
micrograph of a Sn tower as well as the position and approximate size of the electron
beam. Figure 4.26b shows the atomic percentage of Sn (left ordinate) and oxygen
(right ordinate). In this graph the atomic percentage of Cr and Fe are not shown.
Figure 4.26b shows there is no detectable oxygen in our Sn samples.

We now discuss the electrochemical reaction of Li with Sn in an organic elec-
trolyte. As mentioned above, when Sn is allowed to react with Li electrochemically,
the surface of Sn acts as a catalyst for the decomposition of Sn. It is proposed that

this decomposition occurs until a thick layer of electrolyte byproducts is formed on
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Figure 4.25: a) SEM secondary electron image of patterned Sn.
b) SEM backscattered image of pattern Sn
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Figure 4.26: Electron probe analysis of a Sn tower. a) Solid dots on the SEM
micrograph show the approximate size and position of the electron beam used
to interrogate the sample. b) Atomic percent Sn and atomic percent O in the
Sn tower. The contributions of Fe and Cr are not shown.
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the surface of Sn which then prevents any future decomposition. In other words,
the decomposition process is not a function of the amount of electrolyte present in
the cell. Once formed, this layer than acts as a passivating film which retards (but
not prevents) the further reaction of Li with Sn. Below we give an example of this
reaction using sputtered Sn on a stainless steel substrate.

Figure 4.27 shows the results of an in situ AFM experiment, taken at 3M, per-
formed on a Sn film sputtered on a stainless steel substrate. The voltage versus time
(bottom abscissa) and AFM scan number (top abscissa) shows the voltage profile as
it is now understood. The first part of the voltage profile shows a long plateau at ap-
proximately 1.6 V. The decomposition of electrolyte occurs during this plateau. Once
a sufficiently thick passivating layer is formed, the voltage profile of Sn progresses as
expected normally. The top of figure 4.27 shows three of the AFM topographs taken
during the early stages of discharge. The time at which images 000, 025, and 056
were taken is shown on the voltage curve by solid dots. As shown by the labels on
the AFM images, the change in morphology of the AFM images from 000 to 036 is
accompanied by a large change in surface height. The contrast scale from dark to
light of image 000 is 0 to 136 nm. As lithium reacts with the Sn electrode, the surface
features increase as shown in images 025 and 056 were the contrast scale is 0-460
nm and 0-660 nm respectively. After scan 056 it was not possible to take proper
images of the Sn surface due to the increased changes in surface height. These same
results have also been observed in other experiments performed on both sputtered
and electroplated Sn.

In their work, Beattie et al. proposed that the decomposition of electrolyte could

be bypassed if the cell was first discharged quickly to approximately 0.8 V. At this
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Figure 4.27: The reaction of Sn with lithium shows the decompo-
sition of electrolyte. AFM images show the change in morphology
of the Sn surface. The voltage profile of the Li/Sn cell shows the ir-
reversible capacity due to the decomposition process of electrolyte.

point, the first Li-Sn phase, Li;Sns, is formed which does not act as a catalyst for the
decomposition of electrolyte. Attempts were made to study Sn films but unfortunately
keeping the film at 0.8 V resulted in the formation of bubbles due to the high current
densities which had to be used. These bubbles interfered in the AFM scanning process
making it impossible to image the surface of the Sn electrode. Therefore, patterned
Sn electrodes were used. Since these electrodes have less sample, much lower currents
were need in ordered to maintain the electrode at 0.8 V.

Figure 4.28 shows the AFM images taken during the electrochemical reaction of
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Figure 4.28: In situ AFM images taken during the electrochemical reaction of Li
with patterned Sn. AFM images show the evolution of the Sn tower. The point at
which each AFM images was taken is shown on the voltage versus both time (bottom
abscissa) and AFM scan number (top abscissa) by solid dots.
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Figure 4.29: In situ AFM images taken during the electrochem-
ical reaction of Li with patterned Sn. AFM images show the evo-
lution of the Sn tower. The point at which each AFM images was
taken is shown on the voltage versus both time (bottom abscissa)
and AFM scan number (top abscissa) by solid dots.
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could be observed when the cell’s capacity goes to zero.

The constant change in the electrode surface can be seen when the AFM images
collected at the top of charge (1.3 volts) are compared. Figure 4.30 shows images 000
(2 and b), 226 (c and d), and 449 (e and {) in two and three-dimensional representa-
tion. Comparing these images shows that the features of the Sn tower become dilated
in size as they press against each other. In the same manner, the three dimensional
images (all shown with the same vertical scale and orientation), show how the elec-
trode’s height is also increasing. Because the cell was shorted in the early stages, a
second experiment was performed on a patterned Sn sample.

Figure 4.31 shows the change in volume (4.31a) compared to the voltage curve
(4.31) as a function of the AFM scan number. As in the previous case, the cell was
held at a constant 0.8 V until the current was equal to 0.2 pgA, at which point the
cell was discharged at a constant 0.2 pA. After the first discharge cycle the cell was
allowed to relax before it was discharged again. Subsequently, the cell was charged
to 1.3 volts and again allowed to relax before undergoing the final discharge/charge
cycle. The volume changes for this experiment show the same features as the previous
results shown in figure 4.29. As lithium is inserted and then removed, the electrode
does not return to its initial state.

A curious feature in the volume expansion of Sn as a function of lithium content
is the steps as shown in figures 4.29 and 4.31. Figure 4.32 shows the volume change
(figure 4.32a, solid dots) and voltage profile (figure 4.32b) of the first discharge taken
from figure 4.31. In an attempt to explain the observed volume changes, the theoret-
ical volume changes calculated from table 4.3 are shown in panel 4.32a by rhombuses

connected by a solid line. Although the expected values of the percent volume changes
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Figure 4.30: Selected AFM images from figure 4.29 show the change in
morphology of the Sn tower. 2 and 3-Dimensional images of a) scan 000, b)
scan 226, and c) scan 449.
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Figure 4.31: a) Change in volume of a Sn tower and b) voltage of a Li/Sn cell
plotted versus time (bottom abscissa) and AFM scan number (top abscissa).
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Figure 4.32: a) Comparison between the experimental volume change of a Sn tower
(solid dots) to the theoretical volume changes based on the crystallographic volumes
of the different Li-Sn alloys (rhombuses connected by a straight line) b) the voltage
versus time (bottom abscissa) and AFM scan number (top abscissa) for a second in
situ AFM experiment.
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are close to the measured values, we suspect an as yet unknown mechanism causing

Table 4.3: Volume per Sn and percent depth of discharge for different Li-Sn phases.
Phase Volume A%/Sn % of Discharge

Sn 27 0

LisSns 33 9
LiSn 42 23
LizSny 63 53
Li228n5 96 100

the altered profile of the measured volume change.

4.5 Volume Changes of Patterned Si-Sn Electrodes

Patterned Si-Sn samples were prepared by sputter deposition at Dalhousie University
as described above. In order to ensure that the samples had the proper structure,
samples were also deposited on Cu foil for x-ray analysis. Figure 4.33 shows the x-ray
diffraction pattern of the Si-Sn samples. The x-ray diffraction pattern shows that
the Si-Sn film is amorphous. The sharp peaks in figure 4.33 come from the Cu foil
used as the substrate. Scanning probe microscopy was used to study the morphology
and composition of our patterned Si-Sn materials. Figure 4.34a shows the secondary
electron micrograph of a patterned Si-Sn electrode. As can be seen the towers are
well formed. Figure 4.34b shows a backscatter image of the same towers. Since Sn
in the Si-Sn towers has more electrons than both Fe and Cr from the substrates, the

Si-Sn towers appear brighter in a backscatter image.
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Figure 4.33: X-ray diffraction pattern of sputtered Si-Sn. Trian-
gles show the position of the Si-Sn peaks while the dots show the
position of the peaks from the Cu foil used as a substrate.

In order to measure the stoichiometry of the Si-Sn towers, energy dispersive spec-
troscopy was used to detect Sn, Si, Fe, and Cr while wavelength dispersive spec-
troscopy was used to detect O. Figure 4.35a shows a secondary electron micrograph
of a Si-Sn tower. The white dots show the approximate size and position of the elec-
tron beam used to interrogate the sample. Figure 4.35b shows the atomic percentage
of Sn, Si, and O across the tower. For clarity, the atomic percentage of Fe and Cr
have been omitted. As can be seen from figure 4.35, the samples do not have the
expected stoichiometry of SiggsSngss. These Si-Sn towers show only about 60 atomic

percent Si. This different composition is not crucial since we are more interested in
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the fact that the material is amorphous.

Figure 4.36 shows topographic images obtained from an in situ AFM experiment
on a patterned SiggSng 4 sample cycled versus Li metal. Each image is approximately
24 x 24 pm in size. The AFM image number and the vertical contrast scale is shown
for each image. The voltage versus time (bottom abscissa} and AFM scan number
{top abscissa) is shown at the bottom of figure 4.36. The Li/Si¢.¢Sng 4 cell was initially
discharged to 0.0 V and then held at 0.01 V for 1 hour to assure maximum capacity.
At 0.0 V Li begins to plate on the surface of the electrode; therefore, to prevent
this, the cell was held at 0.01 V. The solid dots on the voltage curves indicate the
positions where the AFM images were taken. As can been seen by the dark area
between the towers, the images show the effects of the piezo hysteresis discussed in
the previous chapter. The surface of the tower is smooth and flat and shows no
change in morphology due to the reaction with lithium. The only change suffered by
the SiggSng4 towers is in the direction perpendicular to the substrate.

Figure 4.37 shows the analysis of the in situ experiment shown in figure 4.36.
Panel 4.37a shows the change in area of the tower as a function of AFM number.
Because of the surface features on the left-hand side of the tower, it was not possible
to obtain a reliable measure on the width of the tower. Therefore, the area shown
in figure 4.37a is calculated from the measured height and volume. As can be seen,
little change is observed in the lateral dimensions of the tower. Panel 4.37b shows
the change in height undergone by the tower during the electrochemical reaction with
lithium. As can be seen, the change in height is completely dependent on the lithium
content in the electrode. Panel 4.37¢ shows the change in volume undergone by the

tower during the electrochemical reaction with lithium. As expected, the change in
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Figure 4.34: a) Secondary electron micrograph of SiggSng4 tow-
ers. b) Backscattered SEM images of SiggSng 4 towers.
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Figure 4.35: a) Secondary electron micrograph of a SipsSngs tower.
The white dots show the approximate position and size of the electron
beam used to interrogate the sample. b) Atomic percent of Si, Sn and O
as a function of position. The contribution of Fe and Cr are not shown.
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Figure 4.36: Topographic images obtained from an in situ AFM ex-
periment on a patterned SipgSng 4 sample. The solid dots on the voltage
versus time (bottom abscissa) and AFM scan number (top abscissa) curve
shows the position where the AFM topographs were obtained.
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Figure 4.37: Analysis of an in situ AFM experiment on a patterned
SigsSng. electrode cycled versus Li. a) The change in area b) percent
change in height c) percent change in volume d) voltage versus time
(bottom abscissa) and AFM scan number (top abscissa).
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volume is also a function of the lithium content.

The change in volume measured is approximately 250 % which is much larger than
the value obtained from the RMS roughness analysis. There are several factors that
may have influenced the values obtained from the RMS roughness measurements.
Since the Sig gs5ny 34 films used in the RMS roughness analysis were made at 3M with
a different sputtering system than the patterned samples made at Dalhousie, it is
possible that the Sig g6Sng 34 films are more porous than the Sig gSng 4 towers. Porosity
within the film would allow for a more uniform expansion (not only vertical) to occur.
Attempts were made to image cross sections of SiggsSng3s and SiggSngy films by
SEM. Unfortunately, due to the limited resolving power of the microscope, it was not
possible to observe any features within the film.

It is also possible the measured results have been affected by the hysteresis suffered
by the piezo material in our AFM scanner. As we showed in figure 3.6, the piezo
material in our AFM scanner suffers from large hysteresis. However, what is not
shown is that the hysteresis curve for shorter applied voltage ranges is inclined at
a lesser angle with respect to the positive abscissa. This observation has also been
observed by others [100]. This behavior would have the effect of reducing the observed
height changes in our electrode material during the roughness experiment.

Another factor which certainly influenced the results taken from the RMS rough-
ness measurements stems from the fact that the roughness of the substrates, o, was
never measured. In the construction of the samples used to perform the RMS rough-
ness analysis, stainless steel disk were pre-sputtered with a copper tie-layer to improve
the adhesion between the film and the substrate. Once the copper layer reached 4

pm in thickness, the power supplied to the Cu target was slowly decreased at the
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same time as the power supplied to the SigeeSng 34 target was slowly increased. This
procedure was used to create a 10 nm integrated boundary between the Cu and the
SigesSng.3e film in the hopes to further improve the adhesion of the SigeSng.as film.
Following the integrated boundary layer, a 1.2 um layer of 5igg6Sne.34 was deposited.
Because the deposition was performed in one operation, we did not measure the RMS
roughness of the Cu tie-layer. However, judging from the results in figure 4.11 It is
very unlikely that the reason for the discrepancy in the RMS roughness results and
those of the tower analysis are due to the fact that o, was not properly measured.
If this was the case, we would not have obtained good agreement between the RMS
roughness measurements and those from the z-bias of the AFM scanner (in other
words we were lucky in choosing our value of o;). Since both methods gave the same
value of film thickness, we believe that the discrepancy originates from the possible
difference in porosity of the films and/or the hysteresis of the scanner. However,
there has been observed cases where using the average voltage applied to the z-bias
has given erroneous results due to changes in temperature.

Close attention to figure 4.37 shows that the electrode’s height and volume in-
creases while the electrode is at 0.01 V. This suggests that the electrode does not ini-
tially reach its full capacity. In order to verify this, in situ AFM measurements were
performed on a Li/SiggSng 4 cell discharged to 0.0 V and held at 0.01 V for 8 hours.
In order to assess the ability of Li to diffuse into SigSng.4, the cell was discharged at
a rapid rate of 10 puA. Figure 4.38 shows the change in volume (4.38a) compared to
the voltage curve (4.38b) both plotted versus time (bottom abscissa) and AFM scan
number (top abscissa). The electrode reaches a change in volume of approximately

250% after the initial discharge. Following, the volume change of the Sig¢Sng.4 tower
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Figure 4.38: 3) Change in volume of a SiggSnes tower and b)
Voltage curve of a Li/SipeSngs cell plotted versus time (bottom
abscissa) and AFM scan number (top abscissa).

increases slowly to almost 300%. This graph shows that SigSng4 reaches most of its
full capacity even when discharged quickly.

Figures 4.37 b and ¢ show that the change in height and volume of the tower
does not return to zero once the lithium has been extracted from the electrode. This
suggests that the SipgSng.4 tower undergoes some irreversible volume change during

the first discharge. This irreversible volume change may be due to Li atoms which
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have remained trapped inside the SiggSng4 tower or the growth of a solid electrolyte
interface (SEI) which is known to form on anode materials during cycling.

Unfortunately, from the analyses performed on ¢-Si and SiggSngy4 towers, it was
not possible to correlate the change in thickness to the change in RMS roughness. The
reason for this can be understood by comparing AFM images from a Sig g5ng.34 film
and a Sig gSng 4 patterned material. Figures 4.39 a and b show the difference between
AFM topographs of a 5 x 5 um portion of a SipSnos tower (4.39a) and a 5 x 5
pum portion of a SiggeSng 34 film (4.39b). The surface of the SigSng 4 tower has much
smaller surface features than those of Sig gsSng 4. This can also be seen from the RMS
roughness (the standard deviation STD). The RMS roughness of the SigsSng.4 tower
is 18 A whereas the RMS roughness of the Sig¢sSng.s4 film is 256 A. Figures 4.39 ¢ and
d show typical cross-sections of the tower (4.39¢) and the Sig gsSng 34 film (4.39d). The
cross-section of the SiggSng 4 tower is characterized by small features which, as shown
by Dongmo et al., give large uncertainties on the AFM RMS roughness measurements
[96].

In this chapter we have shown how the volume changes of Si-Sn, Si, and Sn
electrodes could be measured by atomic force microscopy. It is surprising that a
brittle solid like Sig g55ng 34 can reversibly react with Li and undergo such large volume
changes. As mentioned previously, the expansion and contraction of this material is
completely analogous to the expansion and contraction of dirt as water is absorbed
and removed. This is also similar to absorption of solvents by polymers. However,
in both of these previous cases the host materials are much more malleable than

Sip.e65n0.34 -
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Figure 4.39: 5 x 5 ym AFM topographs of the top of a Sig Sng.4 tower a) and
8, Sigee5n0.34 film b). Typical cross-sections of the surface of a SiggSng.4 tower
c), and a SiggsSng 34 film d).



Chapter 5

Comparison to Other Systems

The previous chapter showed how our AFM workstation could be used to study
samples of Si, Sn and SigeeSno.34 2s they react with Li. In each of these cases we
showed how the AFM could monitor volume changes of electrode materials which
exceeded 100%. In this chapter we report on two other systems which behave very

differently to Sl, Sn and Si0_658n0.34.

51 Mo;_;Sn, System

As stated in the introduction of this thesis, many groups have attempted to synthe-
size Active/Inactive materials for application as anode materials for Li-ion batteries.
This attempt has lead to the study of the Mo-Sn system [101]. During this study, it
was found that Sn atoms could be substituted into the BCC Mo structure to form
Mo;_Sn, where 0 < z < 0.45. Moreover, it has been shown by in situ x-ray diffrac-
tion that the reaction of Li with this BCC Mo;_,Sn; phase causes only a small change

in the lattice parameter {102].
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Figure 5.1: a-c)In situ x-ray diffraction experiment of a Mog.g65n0.34
electrode cycled versus Li metal. d) Voltage versus capacity of the
Li/Mog ssSnp.34 cell. The solid dots on the voltage curve show the posi-
tion where the x-ray diffraction patterns were collected.
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Figure 5.1 shows data taken by Arman Bonakdarpour of our lab. The x-ray
diffraction patterns in figures 5.1 a to ¢ show the (110) peak of BCC MoggsSngp.34-
Figure 5.1d shows the voltage versus capacity for the first discharge/charge cycle of
the Li/MogsSno.34 cell. The solid dots on the voltage curve show the position where
the x-ray diffraction patterns were collected. The x-ray diffraction patterns show a
small shift in position of the (110) peak. This change in peak position to a lower angle
signifies an increase in lattice parameter. The x-ray diffraction patterns also show
a decrease in peak intensity which may be due to an increase in surface texture of
the electrode. It has been found that the intensity of the (110) peak does not return
to its starting point when the lithium is removed from the electrode. In fact, the
intensity of the peak stays the same for the rest of the electrode’s life which implies
that the roughness of the electrode increases during the first cycle and then stays
constant throughout. In situ atomic force microscopy experiments performed on a
Mog.53Sng.42 film as it cycled versus Li metal. Figure 5.2 shows the RMS roughness
(5.2a) and voltage (5.2b) as a function of AFM scan number for a Li/Mog ssSng.a2
cell. Discharging the cell causes the RMS roughness to increase to approximately 80
A which then remains constant for the subsequent cycles.

Figure 5.3 shows the evolution of the lattice parameter of the MoggsSnga4 elec-
trode for several discharge/charge cycles. The lattice parameter increases by only
approximately 0.02 A during the reaction with Li. The results for each cycle are very
reproducible which implies that the change in lattice parameter is not an artifact of
the experimental data.

The data shown in figures 5.1 and 5.3 show strong evidence that the Mog 65n0.34

phase is a frue intermetallic insertion material for Li. Although many such systems
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exist for hydrogen, no intermetallic insertion materials have ever been reported for Li.
As stated in the introduction of this thesis, the reaction of Li with most Sn containing
materials occurs through an alloying process where different Li-Sn phase are formed
in sequence [36, 57]. In the case of Mo-Sn, no new x-ray diffraction peaks are observed
during the discharge . The conclusions obtained from the in situ x-ray diffraction
results can be verified by in situ atomic force microscopy on a Mo-Sn electrode as it
cycles versus Li metal.

Figure 5.4 shows AFM topographs of a Mo;_.Sn, sample (where x is approxi-
mately 0.35) cycled versus Li metal taken during the first discharge/charge cycle.
The AFM images show that the Mo-Sn tower is relatively unchanged by the insertion
and extraction of Li. The position at which each AFM image was taken is shown by
black dots on the voltage curve in figure 5.4b. The analysis of the images presented
in figure 5.4 is shown in figure 5.5. Panel 5.5a shows the height of the Mo-Sn tower
(right ordinate, circles) and the percentage change in height (left ordinate, rhom-

buses). Panel 5.5b shows the volume of the Mo-Sn tower (right ordinate, squares)
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Figure 5.3: a) Lattice parameter of the BCC MogSng.34 phase
during the reaction with Li. b) Voltage curve of a Li/Mogg6Sng.34
cell plotted versus capacity (bottom abscissa) and x-ray scan num-
ber (top abscissa).

and the percentage change in volume (left ordinate, crosses). The voltage versus
AFM scan number is shown in panel 5.5¢c. As this analysis shows, the Mo-Sn tower
displays no change in height or volume within expected error.

From the lattice parameter obtained from the in situ x-ray diffraction experiment
we can calculate the expected changes in both height and volume during the reaction
with Li. During the insertion of lithium, the lattice parameter of the BCC Mo-5n
phase changes from roughly 3.169 A to 3.193 A . This represents a volume change
of less than 3%. Such a minute volume change is very difficult to measure with the
AFM over a long period of time. These AFM measurements are consistent with the
in situ x-ray diffraction measurements which imply that Li atoms are being inserted

into interstitial sites of the Mo-Sn BCC phase.
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Figure 5.4: Result of an in situ AFM experiment on a MoggsSng.ss
electrode cycled versus Li metal. (a) AFM images and (b) voltage versus
both time (bottom abscissa) and AFM scan number (top abscissa). The
position at which the AFM images were taken is shown on the voltage
curve by solid circles.
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Figure 5.5: Analysis of the in situ AFM experiment for a Mog¢55n0.35 elec-
trode cycled versus Li metal. a) Average height of the Mo-Sn tower (left
ordinate, circles) and the percentage change in height (right ordinate, rhom-
buses). b) The volume of the Mo-Sn tower (left ordinate, circles) and the
percentage change in volume (right ordinate, crosses). ¢) The voltage versus
AFM scan number.
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5.2 Al Electrodes

Pure Al has also been investigated as a possible anode material for Li-ion batteries
[14, 17, 103]. Al can react with Li to form LiAl which gives a specific capacity of 990
mAh/g. However, as for most pure elements, Al has very poor capacity retention.

The volume change for the reaction
Li+ Al = LiAl (5.1)

is approximately 290%. As for the case of Si and Sn, this volume change should be
easy to detect by in situ atomic force microscopy.

The first study on the reaction of Li with Al was performed using thin film Al
samples sputtered on stainless steel substrates. Figure 5.6 shows the results of an in
situ AFM experiment conducted on a thin film Al electrode as it reacts with Li. Figure
5.6a shows a small selection of the AFM images collected during the experiment while
figure 5.6b shows the voltage versus time (bottom abscissa) and AFM scan number
(top abscissa). The full reaction of Li with Al is available for viewing as a “time lapsed
movie” on the accompanying CD or on the web-site www.physics.dal.ca/~dahn/Luc—
Thesis.html. Each AFM image is approximately 24 x 24 um in size. In order to
reduce the particle size generally formed as films crack during the charge cycle, the
electrode was discharged to 0.5 V for the first few cycles. Following this, the electrode
was allowed to discharge completely to 0 V. As shown by the vertical contrast scale
of images 000 and 117, allowing Li to react with the Al causes the film to expand
vertically. This result is similar to that seen with the Si-Sn samples shown in the
previous chapter. As more lithium is allowed to react with the Al film, we see from

image 145 how the surface of the electrode changes. This image shows, for the first
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Figure 5.6: Results of an in situ AFM experiment conducted on an Al film
as it reacts with Li. a) AFM topographs collected during the discharge. Each
image is approximately 24 x 24 pm in size. The vertical contrast scale is
indicated below each image. b) Voltage versus both time (bottom abscissa)
and AFM scan number (top abscissa) collected during the experiment.
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time, the appearance of small “spikes” forming on the surface of the electrode. These
“spikes” resemble triangles which we believe are the image of the tip. As more Li is
allowed to react with the film the number of “spikes” increases as shown by image 161.
Further reaction with Li causes the surface of the electrode to change as the “spikes”
become larger in size. We believe that these “spikes” emanate from the formation of
LiAl. Other experiments performed on Al films have shown similar results as observed
here. Spikes on the surface of the Al electrode form when the voltage curve reaches
the 0.2 V plateau. Unfortunately it was not able to observe the charge cycle. As
we have observed repeatedly, Al films tend to crumble before reaching the end of the
first discharge.

In order to better see the change in morphology we show an enhanced view of the
surface of the electrode. Figure 5.7 shows a 10 x 10 micron portion of AFM images
000 and 161. As can be seen from images 5.7 a and c, the density of “spikes” is much
larger than is observable from the larger image. Images 5.7b and d show the three
dimensional representation of images 5.7a and ¢ respectively. The three dimensional
images show more clearly the growth of the electrode.

Unfortunately, from the AFM images collected on the Al film, it is not possible
to use our RMS roughness analysis to obtain the change in thickness of the film. The
reason for this is due to the dynamics of how the surface morphology changes. In the
case of our SiggsSng.3s electrode, we were able to use our RMS roughness analysis to
monitor the relative change of large surface features as they expanded. For Al, we do
not see the expansion of existing surface features but the growth of new ones. This
mechanism, which occurs on the surface, makes it impossible to derive any changes

from the bulk of the film. Because of this, patterned Al electrodes were used in an
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Figure 5.7: Two and three dimensional AFM images of a 10 x 10 portion of
the AFM images a-b) 000 and c-d) 161 from figure 5.6.
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attempt to measure the volume changes.

Figure 5.8a shows the AFM images of an Al tower taken during an in sifz atomic
force microscope experiment of a Li/Al cell. The voltage versus time (bottom ab-
scissa) and AFM scan number (top abscissa) is shown in panel 5.8b. As can be seen,
allowing Li to react with the Al electrode causes the towers to “pop off”. These data
imply that the forces causing the Al tower to expand are greater than the adhesion
bond between the tower and the stainless steel substrate.

In order to properly study the reaction of Li with Al the first step would be to find
a tie layer which could withstand the shear stress at the sample/substrate interface.
This, we hypothesize, would force the expansion of the Al tower in the direction
perpendicular to the substrate as seen in the Si-Sn system. Alternatively, sputtering
the towers on a conductive elastic coating could possibly “hold” the tower down while
still allowing it to expand freely without any external constraints.

The data presented on the Mo-Sn and Al systems represent only a minute fraction
of what can be obtained if a full independent study were conducted. The purpose of
this chapter was simply to give two examples of different systems that show extreme
behavior. In the first case, the Mo-Sn sample showed virtually no detectable change

in both height and volume while the Al sample showed more dramatic results.
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Conclusion

In this thesis we have shown how an atomic force microscope could be placed inside
an argon-filled glovebox can be used to study the morphological changes of anode
materials as they react with lithium in sifu.

We have also shown how an amorphous SiggsSng 34 film can reversibly react with
lithium for many cycles. In situ x-ray analysis showed how Sigg65n0.34 Temains amor-
phous during the reaction with Li. Furthermore, from the optical microscopy data,
we have shown how a Sig.esSno.as film cracks into 100 um islands (or particles) during
the first charge cycle. This crack pattern was also shown to remain the same over
many discharge/charge cycles. Moreover, using in situ atomic force microscopy , we
have shown how each separate island does not undergo any sub-cracking during pro-
longed cycling. Using patterned electrodes of SigsSng.4, we have measured the volume
changes of SigsSng4 as it reacts with Li. In short, in this thesis we have shown how
5-100 pm dia. particles of SigeeSnoss can reversibly react with lithium over many

cycles while undergoing volume changes on the order to 250%.
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The measurements performed on these Si-Sn materials have shown that inter-
metallic materials can be used as anode materials in lithium-ion batteries. Even
today, many researchers in the lithium-ion battery community believe that there is
no future for intermetallic electrodes®. This opinion is based on the countless reports
of intermetallic systems which, similar to Sn electrodes, suffer from poor capacity
retention due to self pulverization. The observations we have made in this work, we
believe, finally puts an end to the speculations that intermetallic materials are inher-
ently unsuitable for the application as anode material for lithium-ion batteries. This,
we hope, will spark a new wave a research on amorphous alloys in the same way that

tin-oxide materials fueled many studies on tin-based electrodes.

6.1 Future Work

In order for SiggsSng.s« to become a viable commercial product as an anode material
for lithium-ion batteries, it must be useable in powder form. Figure 6.1 shows the
voltage versus capacity (6.1a) and capacity versus cycle number (6.1b) of a composite
Sip.66Sn0.34 electrode (SigeeSng 34 powder (> 45 uym) in a PVdAF and Super-S carbon
black mixture) cycled versus Li metal. Note that although the electrode has been
discharged to only 0.2 V (where 140% expansion is expected), the capacity retention
of the cell is very poor. This graph can be compared to figure 2.2 which shows the
excellent capacity retention of a SipgeSng 34 film cycled versus Li metal. From what
we have shown in this thesis, one would expect that the ceil shown in figure 6.1 should

have given a better capacity retention.

L{e base this statement from many private communications and from numerous papers presented
at lithium-ion battery conferences.
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Figure 6.1: a) Voltage versus capacity and b) capacity versus cycle number
of a composite SiggsSng.3s electrode cycled versus Li.

It is our belief that the failure of the cell in figure 6.1 is not due to the active ma-

terial but to the PVdF /Carbon mixture used to bridge the electrical contact between

the active material and the current-collector. We hypothesize that the PVdF/Carbon

mixture cannot withstand the large volume changes dictated by the active material.

Therefore the next step is to determine how to hold on to 10 pm dia. particles while

maintaining electrical contact. In other words, the next step is to engineer an elastic

conductive matrix that can accommodate volume changes on the order of 250%.

Work has already begun developing new binder materials to use as a replacement

to PVdF. This work is focused on finding new polymer/carbon blends which have,

amongst others, the following characteristics:

1. The polymer/carbon blends must be sufficiently elastic to withstand length

changes on the order to 250 %.

2. The polymer/carbon blends must be sufficiently conductive to be used in an

electrode.
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3. The polymer/carbon blends must be sufficiently porous to allow electrolyte to
maintain an ionic contact with the active material. Also, porosity is necessary to
allow volume expansions to occur within the electrode without overly affecting

the entire cell.
4. The polymers must not dissolve in the electrolyte or react with Li.

In order to test the elasticity of polymer/carbon blends, Zonghai Chen in our
laboratory has assembled a workstation capable of measuring the strain suffered by
a polymer/carbon film while being subjected to a specific stress. In order to help
understand the dynamics of the polymer/carbon films, atomic force microscopy could
be used to study the morphology changes of the film as a function of strain. Such an
analysis could increase the understanding of the different failure mechanisms suffered
by various polymer/carbon blends. Also the AFM could be used to quantify the
porosity of different polymer/carbon blends. Studies such as these could help to
focus on the key issues in finding new binder mixtures.

To truly understand the reaction mechanism of Li with Sig ¢s5n0.34, 2 more detailed
knowledge of the role of lithium is required. Although we know roughly how lithium
is binding to Si and Sn, a deeper understanding could be obtained. To study this, one
could perform reverse Monte Carlo analysis on in sifu x-ray diffraction data. To do
this requires high quality x-ray diffraction patterns of powdered material without the
presence of super-S carbon and PVdF binder normally used in our in situ x-ray coin
cells. These measurements would have to be performed using a Mo source (or better)
to obtain high values of g = 4w sin(f)/A. As a supplement, neutron scattering could
also be used to study the role of Li in lithiated SiggsSng 34 samples. The advantage of

using neutron scattering is that Li is more visible to neutrons than to x-rays. Clearly,
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both of the above represent a significant amount of work and could potentially be the
study of a Masters degree.

Many papers on lithium-ion batteries discuss the solid electrolyte interface (SEI)
which forms on electrode materials during cycling. In our experiments we have never
observed an SEI layer forming on the surface of our electrodes. We believe that since
the SEI layer is only about 10 nm in thickness, it would not be noticeable compared
to the large surface features of our electrodes. In order to study the formation and
growth of the SEI, it would be better to use smooth surfaces like highly oriented
pyrolytic graphite (HOPG) [104, 105, 106, 107] or highly polished metal surfaces.
Also, it may be possible that continual sweeping of the AFM cantilever may remove
the SEI layer forming on the surface of the electrode. Investigating this may require
a comparison between contact mode AFM images and tapping mode AFM images

performed on electrode materials.

6.2 Final Remarks

If one wanted to it would not be difficult to continue and list different projects that
could be performed with our AFM workstation. Being a relatively new tool in our
laboratory there are many possibilities for its use from studying polymers to the
electrodeposition of electrode materials. It is my opinion that it is the versatility of

the atomic force microscope that has made this project an overall success.
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Appendix A

Sputter Deposition

Sputter deposition, or what is often simply referred to as sputtering, is the process by
which a material, from a specific source or target, is deposited on a substrate by the
use of a glow discharge. Sputtering is often used for sample making in both industry
and the scientific community. Examples of sputtered samples can be seen in every
day life from highly reflective clothing to protective films on car windshields.

Figure A.l shows a schematic representation of a sputtering system. The sput-
tering chamber consists of a grounded ultra high vacuum chamber connected to a
sophisticated pumping system. Also connected to the chamber is an inert gas inlet
and a high precision pressure gauge capable of measuring pressure as low as 1077
torr or lower. Inside the chamber is located the sputtering target (the source of the
material to be deposited) and the substrate opposite which sits on a mechanically
driven turntable. During the sputtering process, a glow discharge or plasma (often
used interchangeably) accumulated between the target and the substrate causes the
mechanism for the sputtering process.

More specifically the sputter deposition process occurs as follows: First, substrate
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Figure A.l: Schematic representation of
the inside of a sputtering chamber.
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and sample are loaded and the sputtering chamber is evacuated to a pressure of
approximately 10”7 torr. Once this pressure is achieved, the chamber is then filled
with argon to a pressure in the milli-torr range. The argon gas is then ionized and
used to clean the substrate. Once the substrate is properly cleaned, a bias is formed
such that the plasma is attracted towards the target. When the Art ions from the
plasma collide with the target, the transfer of momentum causes atoms {(or clusters
of atoms) to be emitted from the source and impinge on the substrate creating a film.
During the collision process between argon ions and the target, electrons (known

as secondary electrons) are emitted. These secondary electrons can have sufficient
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energy to ionize neutral argon atoms in the plasma. In order to increase the number
of collisions, magnets are often placed beneath the target as shown in figure A.2a.
These magnets create & magnetic field which trap electrons and forces them to undergo
a circular path (electrons drift in the E x B direction) in the vicinity of the target as
shown in figure A.2b. These electrons then continuously ionize argon atoms thereby

increasing the sputtering efficiency. This is known as magneiron sputtering.

a)

Figure A.2: Magnetrons used
during sputtering. a) Position of
the magnets under the target. b)
Direction of the electric and mag-
netic fields cause electrons to un-
dergo circular motion.

e drift path in
E x B direction

Figure A.3 a shows a picture of the sputtering machine used in our lab at Dalhousie
University. As stated in the introduction of this thesis, this machine is a Corona Vac-

num Coaters V3T system equipped with a turbo pump capable of reaching a base
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Linear deposition 8

Figure A.3: (a) Sputtering machine at Dal-
housie University. (b) Sputtering masks used
to produce constant and linear deposition
profiles.

pressure of 5 x 1078 Torr. The inner chamber has magnetrons capable of accommo-
dating four 5 cm diameter targets. The sputtering chamber is also equipped with a
40 cm diameter water-cooled rotating substrate table. As also stated in the intro-
duction, this machine has been modified in order to perform combinatorial materials
science. We now expand on this.

When a target is bombarded by an argon plasma during the sputtering process,
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the amount of target atoms deposited on a stationary substrate resembles a Gaus-
sian distribution where the largest thickness of sample is found directly opposite the
target. Allowing the substrate to rotate underneath the target causes the atoms to
be deposited in the shape of an annulus. Therefore, in order to produce a controlled
deposition profile, special masks were constructed. Figure A.3b shows a picture of the
masks used to perform combinatorial materials science. A schematic representation
of these sputtering masks has been shown in figure 1.4. The mask shown at the top of
figure A.3b is known as a constant deposition mask. Since the deposition on a rotat-
ing table is lowest at the outer edge of the table, the constant deposition mask must
provide a larger opening at this point. Conversely, the mask shown at the bottom
right of figure A.3b is called a linear deposition mask. This mask is designed to allow
the maximum amount of deposition at the inner most part of the deposition ring and
nothing at the outer edge. The deposition profile of these masks is shown schemat-
ically in figure The constant deposition mask gives a deposition profile as shown by
Material B (— — —) while the linear deposition mask gives a deposition profile

as shown by Material A (——).A.4. Combining the two masks together produces a

A . A
o .  NB———
© . o
(14 N, =
N ©
8 « &
= Material B ° = . .
a — 2, -—g Figure A.4: Deposition profile
Y \»\ = from sputtering masks.
[ Material A N

Distance from center




140

deposition profile as shown by the line A/B (— - — - — . With the use of these
masks and through careful control of the deposition rates applied to any elements A

and B, flms of composition A;_;B,; can be grown.



Appendix

Substrate Polishing

As in many cases in microscopy, the substrate on which the sample is deposited is
as important as the sample itself. In some studies under ultra high vacuum, many
days are dedicated to creating a perfect Si surface which later is made to accept the
sample. Fortunately for us our substrate requirements were more flexible.

The substrates used in our study were 1 cm diameter, 1 mm thick disks made from
430 stainless steel. This particular type of metal was used because it is ferromagnetic,
does not react readily (or at all) with other elements including lithium, and does not
corrode in electrolyte. In order to obtain smooth substrates the metal disks were
polished using a LECO VP-160 polishing machine equipped with an AP-60 pressure
unit as shown in figure B.1. This system has a rotating table capable of rotation from
0 to 600 rpm. The sample can be independently rotated either with or opposite the
turning direction of the rotating table. The AP-60 head can deliver a working force of
0 to 300 N. The polishing procedure is performed using a succession of polishing grits
and surfaces as described in table B.1 (Directions are from Buehler, the manufacturer

of the polishing supplies). It is very important that extreme precaution be exercised
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Figure B.1: LECO VP-160 pol-
ishing machine used to polish sub-
strates for in situ AFM experi-
ments.

when handling the polishing pads. Any contamination of the pad renders it useless
and then it must be replaced.

It is also important not to over-polish substrates. Figure B.2 shows an AFM
topograph of an stainless steel substrate which has been over-polished. The vertical
contrast scale from dark to light corresponds to 0-29 A. As can be seen, the surface
of the substrate is covered by high (bright) an low (dark) areas. This type of surface
feature is due to over-polishing. The stainless steel metal used for our substrates
is composed of crystals on the order to 10-100 microns in size all with different
orientations. We refer to these as grains. This means that on the surface of the
substrate, each grain will expose different geometric planes (see Appendix A for more
information on crystal planes.). Similarly to etching, each plane orientation will resist
the polishing process differently therefore causing certain areas of the substrates to
be lower than others.

The substrates used for our study have an RMS roughness of approximately 10-40
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Table B.1: Directions for polishing stainless steel.

Surface Lubricant Abrasive Time | Force/ | Speed | Rotation
sample | (rpm)
carbimet Water 180 grit Until 5lbs 220 Contra
SiC Plane
carbimet* Water 600 grit Until 5lbs 220 Contra
SiC Plane
Ultrapad 6 pm 3 min | b5lbs 150 Comp
metadi
supreme™*
Texmet 1000 3 pym 2 min | 5lbs 150 Comp
metadi
supreme™”
Texmet 1000* 1 pm 2 min | b5lbs 150 Comp
metadi supreme
Microcloth water Masterprep 1 min* | 5lbs 150 Contra

A sample is considered as 5 cm? of surface area.

* Indicates steps which I have found help increase efficiency

** Avoid using too much Metadi Supreme — it is a polycrystalline diamond
product and cuts very efliciently.

The surface should remain slightly moist during polishing.

Contra = contrary head vs. wheel rotation

Comp = complimentary head vs. wheel rotation.

Final Polish - wet cloth with water prior to application of Masterprep solution.
During final polish, introduce water flush on cloth when 10 seconds remains.

1 Do not exceed the suggested time of 1 min .

A. As a comparison, glass microscope slides have an RMS roughness less than 10A.
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Figure B.2: AFM image of an over-polished stainless steel substrate. Over-
polishing causes the different grains at the surface to be ground to different
heights due to their different orientation. The vertical contrast scale from dark
to light corresponds to 0-29 A.



Appendix

X-ray Analysis

Since its discovery in 1895, x-ray diffraction quickly became one of the most powerful
tools for studying crystal structures. In this appendix, an outline of the basic theory

of x-ray diffraction will be given.

C.1 Powder Diffraction

The intensity of a powder x-ray diffraction pattern obtained from a commercial x-
ray diffractometer can be obtained in series of steps beginning with the scattering
of an x-ray by a single electron. Figure C.1 shows an x-ray beam incident on a
stationary electron at the origin. In the classical view, when an electron is subjected
to electromagnetic radiation it begins to undergo simple harmonic motion about its
equilibrium point. This oscillatory motion causes the electron to emit radiation in all

directions. The intensity of the radiation at a point 7 making an angle 26 from the
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Figure C.1: X-ray beam incident on an electron.

incident beam, is given by the Thomson equation [109)]:

=1 et (1+cos2(26)> 1)

’m2cir? 2

The factor in brackets in equation C.1 is known as the polarization factor.
For the case of scattering from an atom, it is sufficient to assume that the electrons
form a diffused cloud around the nucleus. This introduces a new term to the Thomson

equation called the form factor

fa= Z /; ) 4mr? po(r) Si?c(f” dr (C.2)

where r the radial distance from the center of the atom, p,(r) is the atomic electron
density, & = éﬂiﬂﬁ and the sum is taken over all electrons in the atom. The form

factor is a measure of the scattering power of an atom.
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In a unit cell, atoms are located at specific lattice sites given by the vector 7, =
(Zns Yn, 2n)- When unit cells are added to form a crystal, the atoms can be seen to lie
on planes labeled by the Miller indices (hkl). The Miller indices represent a series of
parallel planes which can be represented by the perpendicular vector é=h51 +kby +353
in reciprocal lattice space. When x-rays are incident on a crystal the diffraction of the
x-rays can be considered as addition of scattered waves from a collection of parallel
planes (hkl). In such a case, the condition for constructive interference is given by
the Bragg equation

nA = 2dp sin 6 (C.3)

where dy = 27/||G]| and 6 is the angle of incidence of the x-ray beam. Using complex
exponentials, the contribution of the scattered wave from each atom within the unit

cell can be summed. This term is called the structure factor Fpy and is given by

N
Foy = Z fn 627ri(hxn+kyn+lzn). (C 4)

n==1

The intensity of the scattered x-ray beam is proportional to the modulus squared of
the structure factor given by: |F|? = FF* where F* is the complex conjugate.

Because of the geometry of a commercial diffractometer only a small amount of all
the crystals in a powder sample will contribute to the observed intensity. Therefore,
a scaling factor known as the Lorentz factor must included into the equation for the
integrated intensity’.

(C.5)

1
Lorent S S
orentz factor 5in2(6) cos(0)

In many crystal structures there are several sets of planes which have the same

1When only the profile of the intensity in required, the Lorentz factor takes the form 1/ sin®(9).
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value of d for different values of hkl. When an x-ray beam falls on a powder specimen
there will be m sets of planes, having the same plane spacing, contributing to the
diffracted beam. Therefore the multiplicity factor, m, must be included into the
intensity equation.

The x-ray diffractometer used in this work is equipped with a diffracted beam
monochromator used to isolate the K« radiation scattered from the sample. Asin the
case of scattering from a single electron, the scattering of x-rays from the monochro-
mator produces a change in the polarization which adds 2 factor of cos?(20) to the
polarization factor where 26,, is the scattering angle of the monochromator.

Adding all the contributions, the relative intensity of an x-ray diffraction peak

(hkl) is given by equation C.6

I = L|Fyul*m

¢ (Lretelin)) (g

8m2cir? sin®(8) cos(d)

C.2 In Situ X-Ray Diffraction

In situ x-ray diffraction is the process where a cell under study is continuously x-
rayed while cycling. Although this method has been in use for a number of years a
discussion of the experimental setup is given below [110].

In order to make an in situ x-ray cell, 2325 type hardware was modified by insert-
ing a beryllium disk at the bottom of the cell can. The beryllium disk acts as a solid
window allowing x-rays to pass with little loss in intensity. Figure C.2 shows a sketch

of an in situ x-ray cell. Once assembled, the cell is mounted into a special x-ray

tFor example, in a cubic lattice the planes (100), (010), and (001) all have the same interatomic
spacing.
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Top Casing (Negative Terminal)
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Stainless Steel Spacer

Counter/Reference Electvode (Li)
Separator

Working Electrode

Bottom Casing (Positive Terminal)

Be window

Botiom casing viewed from undemeath
revealing the Be window.

Figure C.2: Sketch of the hardware used to build in sifu x-ray cells.

holder capable of providing current to the cell (figure C.3a), which is then mounted
in the diffractometer as shown in figure C.3b. Once properly mounted, the cell is

x-rayed continuously during the electrochemical process.

C.3 Debye Scattering Equation

When working with non-crystalline materials it becomes difficult to use x-ray diffrac-
tion as a method of characterizing the atomic structure. However it is possible to

consider the scattering of x-rays from a collection of atoms. In electron units, the
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Figure C.3: Picture showing the experimental setup for performing in situ x-ray
diffraction. a) the cell holder and b) the cell holder in the goniometer.

intensity of a scattered beam from an arrangement of atoms is given by:

Teu = Z Z fmfne(gm/)\)(s—so)‘rmn (07)

m

where m, n represent atoms, s and s, are the direction vectors of the incident and
scattered x-ray beams, and r,,, is the vector between atoms m and n. Since rpy,
takes on all orientations with equal probability the exponential term in equation C.7

can be averaged over all space. In terms of the wave vector k = 27 (s — s,) /X we get:

1

T, / e Dot sin(9)dg =
mn J0

sin(kTyn )
krmn

©3)

<€(27ri/)\)(s~—so)-rmn ) —

Substituting this into equation C.8 we get

Iy = Zz.fmfngm]g‘c——_gzﬂl (Cg)
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Equation C.9 is called the Debye scattering equation.



Appendix

Fitting Theory

Fitting experimental data to a given function is an important part of experimental
science. Many programs like Microsoft Excel or Origin have fitting capabilities which
operate by minimizing a x* by sequentially changing adjustable parameters. Often
these commercial packages can give erroneous results as the x? falls into a local
minimum as opposed to the absolute minimum. In this appendix we will show how
data can be fitted reliably to specific functions.

To simplify the discussion, an example is given on how to fit experimental data
¥ to a straight line y;. The goal to all fitting is to minimize an equation of the

form:

N
X =D wi(yf™ - ) (D.1)
=1

where N is the total number of data points, w; is a weighing factor, y; 'is the exper-

imental data and y; = mz; + b is the equation of a strait line. Since m and b are the
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parameters to be optimized, we can substitute the equation for the straight line into

equation D.1 and differentiate x? with respect to both m and b. Doing so we obtain:

82 N e,
fé% =23 wily; T — (mz; + b))z

ay? N exp (DQ)
2o =23 willy; — (mx; + b))

To find the minima, we set equations D.2 to zero and rearrange them as follows:

S wiys s = YL, wi(ma? + bxy)

(D.3)
S wigt™ = S wi(ma; + b)

In order to get m and b equations D.3 must be solved simultaneously. This can

most easily be done by writing equations D.3 in matrix from:

S wiz? YL, Wil my Yo, iy (D.4)
N N N )
Zi:l WiZ; Zi:l Wy b Zi:l wiyfmp
Solving for m and b we get:
N N N N
m = Ei:l Wy Ei:l yzr — Zi:l wiil?? Zi:l w":y:mp (D 5)
= N N N .
Zi:l w'imz? Zi:l Wi — Zi:l xtz
N N N N
b = i Wil D s Yo = Dy WiT D iy Wil i (D.6)

N ] N
Doim1 Wk? Y i Wi — D iy x?

For today’s modern computers this can be calculated very quickly.

In some cases it is necessary to rearrange the equation before proceeding with the
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analysis above. In the work presented in this thesis it was necessary to fit data to the
equation:

z= oz — o) + By — ve)” + 7. (D.7)

During the analysis, it was found that this equation could be more easily fitted if first

rewritten as:

z = alz -z + By —w) +7
= ofz? — 20z, + 22) + +B(y° — 2yye + v2) +

= ar’+ Byt +ér+oy+te (D.8)

where 6 = —2ax,, 0 = —2By,, and € = azx? + fyZ + . Solving equation D.8 instead

of equation D.7 makes the above analysis many times easier.



Appendix

Software

As mentioned in chapter 3, there are many programs available for analyzing AFM
images. However, all of these programs analyze one AFM image at a time. In
this work, in situ AFM experiments were conducted for many hours, in which time
hundreds of AFM images were collected. Therefore, in order to analyze our data,

special software was written to automate the majority of the analysis.

E.1 Introduction

All of the software were written with Microsoft Visual Basic. Visual Basic is an excel-
lent language to use for data analysis for many reasons. First of all, the programming
language Basic is very simple to learn. Secondly, many commercial programs such
as Microsoft Excel, Grapher, and even the PicoScan software used to control our
AFM, accept commands from Visual Basic. This feature allows personal programs to

interact with numerous other applications, ultimately creating powerful programs.
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E.1.1 Tower Fitting Program

Figure E.la shows a typical AFM image of a SigeSng4 tower. The image shows a
tower in the center of the topograph. The purpose of this program is to measure the
volume, area, width, and length of the tower. The fower fitting program begins by
loading the AFM images (binary format) in the PicoScan software and saving them
in ascii (one column data) format. This is achieved by the using Active-X commands
specified by the designers of the PicoScan software. The task of loading and saving
data is not a difficult operation, but manipulating several hundred images by hand
would require at least a few hours. All of the filenames of the AFM images are
terminated (before the extension) by a three number index. This three number index
allows the program to run through each image in sequence.

Before the data can be analyzed, the AFM images must first be flattened. Unfor-
tunately, due to the unusual surface features of the towers, the commercial PicoScan
software is incapable of flattening the topographs. As illustrated in figure E.1b, the
left and right sides of the tower appear lower due to the hysteresis of the piezo ceramic
in the AFM scanner. However, the regions above and below the tower (labeled A and
B respectively) appear to be unaffected by the hysteresis. By imaging different step
gratings (of known height) with the AFM, with the steps placed both parallel and
perpendicular to the scan direction, it was determined that the height of the tower
with respect to regions A and B corresponds to the correct numerical value of the
height of the tower. Therefore, measuring the height of the towers with respect to
these regions eliminates the use of scaling factors. Also, regions A and B have a
large area which gives a more accurate reference for flattening the AFM images and

measuring the physical properties of the tower. Therefore, in our analysis, regions A
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Region A

Regions influenced
by the hysteresis of
the piezo in the
AFM scanner

Region B

Figure E.1: a) Typical AFM topograph of a patterned Sig¢Sng4 electrode.
b) Effects of piezo hysteresis on an AFM topographs of a Sig.eSng4 patterned
electrode.
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and B were chosen for the data fitting’.

The first step of the analysis was flattening the data by initially removing the tilt.
This requires the user to indicate the regions on AFM image which are to be used
for the data fitting (i.e. equivalent regions to A and B). Figure E.2a shows the as
collected AFM data {often called the raw data) of a SigSng4 tower. To remove the
tilt, regions A and B (shown in figure E.1b) are fitted to a plane. Cross-sections E.2b
{horizontal white line in E.2a) and E.2¢c (vertical white line in E.2a) shows the fits in
regions A and B are in good agreement with the data. The tilt of the AFM image is
removed by subtracting the data from the fitted plane as discussed in section 3.3 of
chapter 3.

Figure E.3a shows that removing the tilt from the AFM topograph exposes the
curvature {(or cross coupling) of the image. In order to flatten the AFM image, the
data were fitted with an elliptical parabola, also discussed in section 3.3. Figures E.3
b and c show the excellent agreement in regions A and B between the data and the
fit.

Once the AFM topographs were properly flattened, the physical dimensions of
the tower were calculated. In order to measure these physical dimension, a reference
plane, with respect to which all measurements are taken, is defined. Therefore, regions
A and B of the flattened AFM image were again fitted to a plane which serves as
the final reference plane. Following this, the software prompts the user to outline the
perimeter of the tower with a rectangle. The volume of the tower is then defined by
measuring everything within the rectangle and above the reference plane. Similarly,

the average height of the tower is obtained by taking the average distance between

1To be more specific, during the fitting process as described in Appendix D, all of the data outside
regions A and B were assigned a weight values w = 0 while all of the data inside regions A and B
were assigned a weight values w = 1.
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Figure E.2: a) Raw AFM topograph showing the initial tilt of
the AFM image. b) Horizontal cross-section and c) vertical cross-
section showing good agreement in regions A and B between the
data and the fit.
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the plane of reference and a second plane defined within a smaller rectangle on the
top of the tower. This second rectangle, which is also defined by the user, is shown
in figure BE.4.

Once the average height of the tower is determined, the length and width of the
tower are obtained by calculating the average width and length at half the average
height along the lines mid-way in the rectangle used to defined the height. These lines
are shown in figure E.4. Finally, the area of the tower is obtained from the product of
the length and width and also by dividing the volume with the average height. In the
end, the program writes the index number, volume, height, area, length and width
along with all the percent changes of these quantities to a common file and continues

to the next image. E.4. Although the program does most of the work, a significant

Figure E.4: Area and lines used
to determine the average height,
width, and length respectively.

amount of user input is required. For example, the analysis of 500 AFM images can
take several hours to complete. A copy of the program used to perform the tower
fitting as well as other programs used in this work can be found on the accompanying

CD.
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