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Abstract of Thesis Presented to the Graduate School
of the University of Florida in Partial Fulfillment of the
Requirements for the Degree of Master of Science
EFFECTS OF ANNEALING ON THE PERFORMANCE OF SILICON THIN FILM
ANODES
By
Rohit Mohan
May 2014
Chair: Kevin S. Jones
Major: Materials Science and Engineering
Lithium ion batteries are used to power portable electronic devices and hybrid
electric vehicles, and hold great potential for future energy storage. The current
technology uses a graphite anode, the capacity of which is 372 mAhg-1. Silicon has a
theoretical capacity of 4200 mAhg-1, which is why it has been a topic of interest for
many years. However, the insertion of lithium in silicon during discharge results in a
nearly 400% volume expansion, resulting in pulverization of the silicon, and loss in the
gravimetric capacity after a few charge-discharge cycles. The use nanostructures and
thin films have mitigated this problem to a certain extent, although a lot more still
remains to be done.
In this work thin films of silicon deposited on stainless steel have been annealed
from 475 to 600 °C, in intervals of 25°C, for 90 minutes each. Although expected, no
silicide formation was observed. However, annealing did improve the gravimetric
capacity and the capacity retention in pouch cells assembled using these anodes and
Lithium metal as the cathode. The best capacity and retention was seen in case of the
specimen annealed at 525°C. The increase in capacity may be related to a reaction
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between the native oxide at the interface and the deposited silicon resulting in improved
film adhesion.
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CHAPTER 1
INTRODUCTION
Mankind has been heavily dependent on fossil fuels for more than two and a half
centuries for its progress and development. The ease of availability, low cost, stable
nature and high energy densities have allowed extensive use of fossil fuels over the
years. It is common knowledge that these fuels have formed on the earth over eons and
that their reserves are finite. The continued use of such fuels has led to an increase in
the proportion of greenhouse gases (GHGs), especially carbon dioxide (CO2) in the
earth’s atmosphere. With global temperatures and sea levels rising, it is important to
develop and use sustainable, alternative means of producing energy. These global
changes are bound to relocate populations, shuffle production of food and industry and
may spark conflicts for food and water [1].
The per capita consumption of electrical energy is often seen as a marker for
economic development. As developing economies of the world develop, their
consumption of electricity increases. The course of natural evolution has man improving
the quality of his life, prompting an increase in electricity consumption [2]. Such increase
in consumption coupled with the depleting reserves of fossil fuels drives the need to
look for other alternative means to produce electrical energy.
A vast quantity of fossil fuels are burnt in in internal combustion engines in
vehicles, trains and aircraft. To reduce the consumption of fuels, it becomes necessary
to realize and put into practice the use of hybrid electric vehicles (HEVs), plug-in hybrid
electric vehicle (PHEVs) and fully electric vehicles (EVs). The development of lithium
ion batteries holds a lot of promise for such vehicles. Automobile giants like Toyota and
General Motors are engaged in intense research to improve their HEVs, the Prius and
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the Chevrolet Volt, respectively [3]. Though electricity is a relatively clean form of
energy, a vast majority of electricity is produced by the combustion of fossil fuels or
nuclear fuels in power plants. Solar and wind energy are now harnessed to produce
electricity. Thus producing electric energy from clean sources and storing them
efficiently is essential [1].The success of such vehicles largely depends on having an
efficient means of storing electric energy. Batteries are used to supply energy to
portable electronic devices like laptop computers, cellular phones, cameras, and also in
TV remote controls, calculators, and other hand-held devices, radio sets, toothbrushes,
pacemakers, central-locking systems in cars etc. [4]. The development of battery
technology has made it possible to employ them in electric vehicles. It is evident that
batteries will play a very crucial role in storing electrical energy in the future.
The inception and development of various battery types, and chemistries is
outlined by Dell (2000), including zinc-manganese dioxide primary and secondary cells,
lead-acid batteries etc. [4].
Lithium Ion Batteries
Lithium (Li), with atomic number 3 is the most electropositive element in the
periodic table. Being the lightest metal, it is a good choice for high energy density
storage systems. The Li/Li+ redox system has an electrical potential of -3.040 V with
respect to the standard hydrogen electrode (SHE) [5]. The first lithium metal batteries
were used to power watches, calculators or implantable medical devices, mainly due to
their variable discharge rate and high energy density. Exxon developed a lithium
intercalation battery using TiS2, due to its favorable, layered structure. But these
batteries had an explosion hazard due to the uneven formation of lithium dendrites
when used as an electrode in an electrochemical cell with each subsequent charge13

discharge cycle [6]. The problem of dendrite formation was tackled by using lithiumaluminum (Li-Al) alloy electrodes [7]. But these electrodes had poor cycle life, and
lasted only for a few cycles due to very high volume changes during the chargedischarge cycles [6].
The switch to the sulfide did improve safety of the cells, but reduced the voltage
derivable from the cell. A breakthrough in obtaining a high voltage with Li metal as one
of the electrodes was seen with Goodenough et al. introducing LiCoO 2 as the electrode
material in 1981. The deeper Fermi level of oxides makes them the material of choice
as compared to sulfides for such electrodes. The layered structure of LiCoO2 was found
to be good for Li+ intercalation and deintercalation [8]. Sony Corporation introduced the
first commercial rechargeable (or rocking-chair) lithium ion cell, consisting of LiCoO2
and graphite (C) in 1991. The use of a lithium intercalation compound serves to do
away with the explosion hazards associated with the use of lithium metal [4, 6].
The general reaction chemistry for a lithium-ion intercalation electrode is given as
follows:
Full cell reaction: LiCoO2 + C6 ⇄ CoO2 +LiC6

(1-1)

Anode: C6 + xLi+ +xe- ⇄ LixC6

(1-2)

Cathode: Li(1-x)CoO2 ⇄ CoO2 + xLi+ + xe-

(1-3)

These reactions are reversible. During discharge, oxidation occurs at the anode
and reduction, at the cathode. The oxidation results in the liberation of electrons that
move through the external circuit, and lithium ions move through the electrolyte and
intercalate the cobalt oxide to form LiCoO2 [5]. During charging, the reverse reaction
takes place and the lithium intercalates into the carbon anode. Now, the reduction
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happens at the anode and oxidation occurs at the cathode. Thus, these cells are known
to operate by the ‘rocking chair’ or ‘swing’ principle [5].
For a cell to function effectively, there should be no electrical or physical contact
between the anode and the cathode. However, there should be an effective medium
that allows ionic conduction between the two electrodes. Thus ionic conduction and
electronic isolation is achieved by using an electrolyte, which may be inorganic or
organic. Also, to prevent shorting between the anode and the cathode, a separator is
used, which is usually a polymer that allows the flow of ions [9].
Anode Materials for Lithium Ion Batteries
Carbon based anodes are still widely used in commercial lithium ion battery
systems. The theoretical capacity of batteries with these carbon-based anodes is 372
mAhg-1. The LiC6 phase corresponds to this theoretical capacity. Thus, 6 carbon atoms
are required to intercalate one lithium atom. The need for battery systems with greater
capacity has driven research towards using materials like silicon, germanium, tin or
alloys of these elements as anode materials.
Of these, silicon has the highest theoretical capacity of 4200 mAhg-1 for the
Li4.4Si phase, nearly an order of magnitude higher than those exhibited by carbon
(graphite) based anode systems. This corresponds to the Li22Si5 phase, which
effectively packs in 4.4 lithium atoms per atom of silicon. No system is yet to match up
to this theoretical value, though systems with capacities exceeding that of the carbon
based anode have been realized, at least at the laboratory scale [10]. One of the major
issues with silicon is the ~300 to 400 % volume expansion that occurs during cycling,
due to the intercalation of Li in silicon [11]. Charging and discharging the cell is
accompanied by delithiation and lithiation. This means the silicon expands to roughly
15

400% its initial volume and contracts every time the cell discharges and charges. This
causes the film to crack, and ultimately delaminate from the substrate. Pal et al. have
developed a model to predict cracking and delamination of silicon thin film anodes
deposited on a copper substrate [12]. Various other geometries in silicon such as
nanowires, nanopillars, etc. have been employed at an attempt to improve the capacity
retention of cells with these silicon anodes by preventing them from delaminating from
the substrate material. Silicon nanowires have shown promising results even at higher
cycling rates of 1 C [13]. Nano pillars of silicon, grown via reactive ion etching on silicon
substrates have also been employed by Green et al., which also shows promising
results with good capacity up to 50 cycles [14]. Ion-beam mixing was also employed,
which showed that a dose of 1x 1016 cm-2 shows very good cycling stability and capacity
retention, even up to 100 cycles. Many tin alloys with various morphologies are being
studied for use as an anode in the lithium ion battery. Silicon-tin alloy electrodes of
varying compositions deposited by magnetron sputtering were studied by Hatchard and
Dahn, and these show reversible capacities of up to 3500 mAhg-1 for maximum Si
content and just under 2000 mAhg-1 for the maximum Sn content alloy. The alloys were
of the type Si1-xSnx where 0 < x < 0.45 [15]. By optimization of the bulk oxygen content,
controlled surface oxidation and low temperature (200˚C) annealing, Abel et al. were
successful in developing a nanostructured thin silicon film anode that had a capacity of
~2200 mAhg-1 with improved cycling stability upon coupling with lithium metal as the
counter electrode [16].
Germanium (Ge) is another material that has sparked interest in the area of
electrode materials. It has a theoretical capacity of 1600 mAhg-1 for the Li4.4Ge phase.
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Ion beam-mixed germanium electrodes have met with success in retaining neartheoretical capacity of ~1500 mAhg-1, as demonstrated by Rudawski et al [11].
In this work, amorphous silicon was deposited on stainless steel shim and
annealed at various temperatures, ranging from 475 to 600 °C to determine their use as
potential anodes for lithium in batteries. These anodes were then subject to
electrochemical and material characterization tests to determine the effects of annealing
and changing the annealing temperature on the electrochemical performance of the
pouch cells into which these anodes were incorporated.
Objectives and Overview
While bulk systems are used primarily in cars and other heavy-duty applications,
thin films find uses in niche applications like medical devices like pacemakers and
hearing aids, where a small size is of essence. Thin film technology could find use in the
smartphone technology as well, given the trend to have thinner devices with longer
battery life.
The formation of a silicide is expected to improve the capacity as compared to
the as received material by annealing. While different methods like ion-beam mixing and
nano structures like nanowires and nanopillars have been used to bring about better
capacity retention in silicon anodes have been studied extensively, annealing the as
received films of silicon is relatively unexplored. Chen et al have studied the annealing
of silicon films deposited on a copper substrate. There is no focus on the details of what
goes on at the interface, or the mention of any silicide being formed at all. A capacity of
3134 mAhg-1 was achieved, but cycling was performed at a C/40 rate [17]. The main
objectives of this study are to determine the effect of annealing and to explore the effect

17

of changing annealing temperatures on the performance of the anode in these thin film
batteries.
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CHAPTER 2
EXPERIMENTAL METHODS
This chapter discusses the various processes, equipment and experiments used
during the course of this work. It outlines PECVD, electrode mass calculation,
annealing, pouch cell assembly, electrochemical and material characterization
procedures used.
Plasma Enhanced Chemical Vapor Deposition (PECVD)
PECVD is a widely used technique to deposit films on various substrates at
relatively lower temperatures. Low temperatures allow the use of a wider range of
substrates. PECVD also has the advantage of better coverage. It is similar to CVD in
most ways, except that the dissociation, ionization and excitation reactions are brought
about by the plasma instead of high temperatures. Plasma is a partially ionized gas.
PECVD is done in a vacuum chamber, at low pressures of about 1 Torr. The vacuum
chamber contains two parallel plates connected to a voltage DC power supply. A high
voltage source, such as a charge capacitor is used to produce an arc momentarily to
start the plasma. The plasma glows on account of various excitation and relaxation
processes that take place in the mix. The arc ionizes the gas, and accelerates the
positive ions to the cathode and the negative ions to the anode. The ions being heavy,
release a cloud of electrons from the cathode. The secondary electrons released can
sustain the plasma if a sufficiently high voltage is applied. A schematic of a PECVD
system is shown in figure 2-1. The applied voltage, the gas flow rate, separation
between the electrodes, etc. affect film deposition rate.
The stainless steel substrate (25 μm thick SS 304 shim) was washed with water,
ethanol, acetone and isopropyl alcohol in order to remove any surface impurities. An RF
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frequency of 13.56 MHz at 30W was used to deposit the film with the substrate
maintained at 300°C. the chamber pressure was maintained at 750 mTorr. Silane was
supplied for deposition at approximately 46 standard cubic centimeters per minute
(sccm). The carrier gases were argon and nitrogen, supplied at ~450 and ~2250 sccm
respectively. The 350 nm amorphous silicon films were deposited in 37 minutes.
Electrode Mass Calculation
Three hundred and fifty nanometers of amorphous silicon was deposited on the
stainless shim substrate by PECVD at 300°C, the thickness of which was measured
using XTEM. Specimens of different sizes and shapes were cut to measure areal mass
density. Each of the samples was weighed and their area measured using Image J to
analyze optical micrographs of the cut specimens. Based on the density of silicon for
such an amorphous film from literature, the weight of silicon per unit area of the SS
substrate was determined. This data was plotted in Microsoft Excel, as shown in figure
2-2, and used to obtain the mass of the silicon, and hence determine the amount of
current required or galvanostatic tests for a given mass of silicon film on stainless steel.
Annealing
Annealing involves heating a sample and then allowing it to cool. In this case, the
heating is expected to bring about the formation of a layer of iron silicide between the
stainless steel substrate and the deposited silicon thin film.
Annealing Procedure and Equipment
Pieces of the anode were cut from the sheet of silicon deposited on 25-micron
thick stainless steel shim (TBI, USA) and weighed. The furnace (Lindberg) was set to
the required temperature using a Lindberg controller and allowed to achieve a steady
state at the set temperature. The flow of argon was introduced at a rate of 7.5 Nl/min.
20

The specimen was then placed on a quartz boat and introduced into the tube furnace
using a glass rod. Each sample was annealed for 90 minutes. After removing from the
furnace, the samples were allowed to cool for at least 1 hour before placing them back
into their holders. The annealed electrodes were used to prepare pouch cells as
described in the next section after a minimum of 12 hours following removal from the
furnace. The correctness of the set temperature was checked using a Cole-Parmer®
Digi-Sense® scanning thermometer. No difference in electrode mass was noticed
before and after annealing. Annealing temperatures ranged from 475°C to 600°C, at
intervals of 25°C.
Pouch Cell Assembly
The pouch cell is made from aluminum laminate sheets, polypropylene-polyvinyl
alcohol strips, stainless steel contacts, anode, cathode, electrolyte, and a separator.
The aluminum laminate sheets form the pouch and also double up as an environmental
barrier. A roughly square piece of the laminate sheet, approximately 2” x 2” has 4 strips
of the PP-PVA strips, placed on each edge of the laminate piece. Another laminate
piece of the same dimensions has one edge with the PP-PVA strip. The strips are held
in place by heating the strips using a soldering iron at intervals of about one quarter
inch. Two strips of the same stainless shim are placed on this laminate, and held in
place on the laminate pieces by heating the strips at points at using a soldering iron.
Figure 2-3 A shows a half-assembled pouch cell. The SS strips are placed so as to
allow electrodes to be placed one over the other. The pouch is then sealed using an
impulse sealer at this edge. This is the first heat seal. A small piece of the separator –
polypropylene Celgard model C480 (Celgard USA, Inc.) – roughly 0.75” x 0.75” is
placed between the electrodes, to prevent any direct physical contact between the
21

electrodes. The separator is held in place by a small piece of the Kapton® HN polyimide
tape. Next, the anode, (silicon on SS) is placed under one of the contacts, with the
silicon facing down on the separator. The anode, weighed and in this case, annealed, is
fixed in place using a piece of the Kapton® tape. The rest of the assembly is done in an
inert, argon atmosphere in the glove box.
An MBraun Unilab glove box was used to complete the remaining assembly of
the pouch cells. An inert atmosphere was maintained in the glove box by using argon
gas. It was ensured that the water vapor level in the glove box was less than 1 ppm.
This is because both lithium and the electrolyte are sensitive to the presence of water
and oxygen. The half-assembled pouch cells were placed in the antechamber, and the
antechamber of the glove box was evacuated, followed by filling with argon. This
process was repeated 3 to 4 times. Lithium metal pieces, marginally larger than the
anode were cut from a strip of lithium metal (Aldrich). The passivation layer was
scraped off, and the piece was then fixed to the other contact and secured in place
using a piece of the Kapton® tape. Next, the electrolyte, a solution of 1M LiPF6 in 1:1
DMC: EC solvent was introduced into the cell, after two more sides were heat sealed
multiple times to prevent any leaks. After introducing sufficient electrolyte into the
pouch, making sure that the electrodes were flooded by the electrolyte, the last side
was sealed, and any excess solvent on the sides of the pouch were wiped using
KimWipes®. The finished cells were then taken out of the glove box for electrochemical
characterization. A complete pouch cell is shown in figure 2-3 B.
Certain pouch cells were deprocessed for analysis using optical microscopy. The
deprocessing was done in the argon-filled glove box. To deprocess the cells, a small
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potion was cut, and the electrolyte was drained into the liquid wastes container.
Thereafter, the sides that do not contain the electrical contacts were cut. The cell was
propped open and the anode was retrieved from under the contact and the Kapton®
tape that was used to hold it in place. The electrode is washed with a few drops of DMC
to dissolve any remaining electrolyte and allowed to dry. Any excess DMC was charged
into the liquid wastes container. The electrode is held over a filter paper covering the
wastes container, so that the electrode does not fall into it. The electrode is then stored
in a sample holder. Next, the piece of lithium metal is retrieved and discarded in the vial
used exclusively for disposal of used lithium. The remainder of the cell is put into the
interim trash receptacle in the glove box.
Electrochemical Characterization
Galvanostatic cycling and cyclic voltammetry tests were performed on an Arbin
BT2000 battery tester. The testing equipment has 16 channels in the main unit and 8 in
an auxiliary unit, thus enabling the testing of 24 batteries at a time, with the provision to
test both pouch and coin cells. The testing equipment was controlled using the MITSPro
software, provided by Arbin. These tests were used in evaluating the electrochemical
performance of the electrodes. Data from these tests were obtained and analyzed using
Microsoft Excel. Before connection to the leads of the equipment, the cells were packed
between two glass microscope slides, and clamped together with binder clips to ensure
good packing and to prevent any movement of the electrodes within the cell.
Galvanostatic Cycling
Galvanostatic testing involves maintaining a constant current across the
electrochemical cell. The cell is allowed to discharge to a set minimum voltage, and
then charge to a set maximum voltage at the given current, determined by the mass of
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the electrode and the C-rate to be used. In case of any problem that prevents the cell
from charging or discharging to the set voltage, a time limit is specified for which the
particular step would go on. Once this time has elapsed, the next step starts.
All cells (annealed, as well as the as received) were subject to a galvanostatic
test between 1.5 V and 0.01 V. The lower limit of 0.01 V is to ensure that the cell starts
cycling. The C-rate used was C/1 for 100 cycles for all the cells throughout the course of
this work. To ensure that the cells cycled properly, all cells were cycled for 2 cycles at a
rate of C/10 before cycling at a rate of C/1 for 100 cycles.
Cyclic Voltammetry
The cyclic voltammetry (CV) technique involves applying a constant step voltage
to the cell and measuring the current response. Any peaks in the current indicate that a
reaction has taken place, at that particular voltage. A shift in the peaks thus indicates a
change in the reaction that occurs in the cell. The CV tests also give some information
regarding the formation of the solid electrolyte interphase (SEI) layer.
The cells were cycled at 0.414 mVs-1 for 20 cycles. The voltage limits were set
between 1.5 and 0.01 V.
Material Characterization
Optical microscopy was used to observe the films after cycling. XTEM and EDS
(EDX) were used in order to characterize the as deposited and 525OC annealed
sample. Only this annealed sample was chosen, as it gave the best electrochemical
performance. Sample preparation for the XTEM and EDS was done using a FIB
apparatus.
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Optical Microscopy
Optical microscopy, as the name suggests, makes use of light to magnify and
resolve features of the object of interest to the naked eye. It works on the principle of
Rayleigh’s criteria which is expressed as:
δ=

0.61 λ
μ sin β

(2-1)

Here, δ is the resolution of feature that can be obtained when light of wavelength λ is
used to illuminate the sample when β is the semi-angle of collection used in a medium
(usually air) whose refractive index is μ (usually taken to be 1). A schematic of the basic
setup of an optical microscope is shown in figure 2-4. A microscope uses a system of
lenses to provide a range of magnification. The denominator in equation 2-1 is called as
the numerical aperture and is often approximated to unity. For a wavelength of ~550
nm, the resolution is approximately 300 nm, which is a good resolution for an optical
microscope [18].
Images of the cycled electrodes were obtained at 200x using a Leco DMIL LED
inverted optical microscope. A calibration slide where one division was 0.01 mm was
used to calibrate the scale of the images obtained at a given magnification.
Focused Ion Beam (FIB)
The FIB is a popular technique to prepare samples for analysis in the TEM. The
FIB uses a heavy ion like Ga+ to mill the specimen to the required level of electron
transparency suited for use in the TEM. It is just like a scanning electron microscope;
the only difference is that it uses positive ions instead of electrons. The use of a positive
ion will damage the specimen, because of which ions are not used to image specimens.
To prevent artifacts in the sample, a protective layer of carbon is deposited on the
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specimen. An organometallic precursor gas containing platinum is used along with the
Ga+ ions to deposit platinum over the area of interest. This acts as mask for further
milling. The sample is then milled on opposite sides of this mask. After a thickness of
about one micrometer is reached, the specimen is cut free from the base and one side.
Now, the sample is further made thinner for ex-situ transfer to a TEM sample grid using
or the transfer to a grid in situ is done using a micromanipulator.
In the in-situ method, the micromanipulator is attached to the sample using
platinum, and the other end is then milled, to attach the sample to the micromanipulator.
This sample is then placed on the grid and the platinum used to attach the sample to
the probe is removed by ablation, to free the sample from the micromanipulator. The
sample is then further thinned to the required thickness (under 100 nm) by milling the
opposite sides of the sample in small increments and at lower accelerating voltages.
The grid is then taken out of the chamber and is ready for analysis in a TEM [19]. The
sample preparation by using the FIB is outlined in figure 2-5.
Sample preparation was done on a FEI dual-beam Strata DB235 FIB at MAIC.
This FIB stage can be tilted between -10 and 56O and the electron and ion beams are
separated by an angle of 52°. The XTEM samples were milled to approximately 10 μm x
2 μm x 100 nm and approximately 10 μm x 1 μm x 2 μm of platinum was deposited
using a 300 pA aperture. Milling was done at an accelerating voltage of 30 kV, with the
currents ranging between 100 and 5000 pA. To prevent too much of the protective
platinum layer from damage, a small off-axis tilt of about 4° was applied to the sample
from either side. Cleaning was done using a 300 pA aperture at 7 kV.
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Cross-sectional Transmission Electron Microscopy (XTEM)
Transmission Electron Microscopy (TEM) is a characterization tool known for its
versatility and ability to structurally and chemically characterize materials. The TEM
operates on the basis of complex dynamical scattering theory. In a transmission
electron microscope, electrons are directed on to thin specimens by magnetic fields.
These magnetic fields allow very precise control over the path of the electrons. These
fields are the ‘lenses’ in a transmission electron microscope. In TEM, electrons that go
through the sample are analyzed unlike SEM, where the electrons that are reflected
back from the surface of the sample are collected and analyzed. The electrons travel
through the sample, and hence details about the structure, lattice parameter and
composition can be obtained. Sample preparation for the TEM is done using the
focused ion beam (FIB) apparatus; the sample needs to be ‘transparent’ to the electron,
so that the electron may pass through the specimen and reveal the desired information.
Since the FIB can damage the specimen and render the very purpose of obtaining
micrographs useless, a thick coat of carbon is coated on the specimens using an SPI
Module carbon coater and control, using the pulsing technique.
In the bright-field imaging mode, the electron beam incident on the sample is
parallel to the optic axis of the instrument and it illuminates the area of interest on the
sample through the objective aperture. The cross-sectional view allows observation of
different layers and measurement of the thicknesses of those layers. The highresolution mode uses the direct and one diffracted beam to from the image. TEM can
also provide diffraction patterns of materials, and this is done by weakening the
intermediate lens of the TEM. Placing a suitable aperture on the back focal plane of the
objective lens produces a SAD pattern. An important thing to remember about TEM is
27

that the image seen is a 2-D projection of a 3-D specimen. Also, the TEM sample is not
representative of the whole sample, as a very small portion of the sample is actually
used in obtaining the micrographs [18, 20].
XTEM was performed on a JEOL 2010F TEM operating at 200 kV. Bright field
images of the specimens were obtained at 10, 20, 50 and 100 kx.
Energy-dispersive X-ray Spectroscopy (EDS or EDX)
EDS is a powerful tool for chemical characterization of a specific part of the
sample. X-rays are generated when a focused probe of electrons is made incident on
the sample. These X-rays are like ‘fingerprints’ for the atom, and depend on electronic
transitions in the atom that occur as the outer electrons jump in to fill inner shell
vacancies. Transitions are labeled as the shell (K, L, M, N…) and a Greek alphabet (α,
β…) to identify the transition. For instance, a transition from the L shell to the K shell
would be denoted as a Kα transition. As per Pauli’s exclusion principle, only one
electron can occupy a given quantum state in an atom and there is a possibility to get
slightly different binding energies for different transitions. Such transitions are identified
with a number after the shell-Greek letter label. In EDS, the energy of the X-ray emitted
after the electron beam hits the sample is measured. The X-rays are detected using the
detector, and analyzed using suitable computer software to identify chemical species
present in the area of interest in the specimen [18, 20].
EDS was performed using the detector system attached to the JEOL 2010F
TEM. Line scan data at the interface were obtained using the Inca software on an
attached computer. Data was suitably obtained in a Microsoft Word document.
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Figure 2-1. Schematic of a PECVD system.
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Figure 2-2. Microsoft Excel plot used for electrode mass calculation
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Figure 2-3. Pouch cells. A) In progress. B) Completed. Images by Rohit Mohan.
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Figure 2-4. Schematic representation of the basic optical microscope.
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Figure 2-5. Schematic of the FIB. A) Forming trenches on two sides. B) Attaching the
micromanipulator. C) Specimen lift-off.
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CHAPTER 3
ANNEALING AND ITS EFFECTS ON THE PERFORMANCE OF THE CELL
Overview of Experiments
Annealing
The as received films were deposited on the 304 stainless steel substrates using
PECVD. The electrodes were cut, weighed, annealed and used as anodes in the
batteries as described in Chapter 2. The annealing is expected to form a silicide at the
interface between the SS shim and the deposited layer. The results of the annealing
were examined by cross-sectional TEM to determine if any silicide was formed. EDS
was used to identify the chemical species present in the annealed samples in
comparison with the as received samples.
Electrochemical Characterization
The as deposited and annealed samples were tested for 100 cycles
galvanostatically, at a C/1 rate of 4200 mAhg-1. This corresponds to the Li22Si5 phase.
For the Li15Si4 phase, this current corresponds to roughly 1.2 C. However, to ensure
that all cells started cycling properly, all the cells were cycled for two cycles at a rate of
C/10 before cycling for 100 cycles at C/1. The cyclic voltammetry tests were performed
at a voltage step rate of 0.414 mVs-1 for 20 cycles. Both the tests were performed within
the voltage range of 0.01 to 1.5 V. The details of these tests and related equipment are
described in Chapter 2, under electrochemical characterization.
Results
Electrochemical Characterization
Results of the galvanostatic testing and cyclic voltammetry tests are presented in
this section.
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Galvanostatic Cycling
The galvanostatic test results for the as deposited electrode is shown in figure 31. The cell shows high capacity of 2910 mAhg-1 for the first cycle, but this drops to 1608
mAhg-1for the second cycle. The fade in capacity is very fast, and the cell practically
“dies” after about 20 cycles, showing only about 400 mAhg-1. At the end of 100 cycles, it
shows a poor capacity of 228.6 mAhg-1. Annealing at 475°C also does not show any
impressive capacity retention, but there is some improvement, as shown in figure 3-2.
The discharge capacities for the 1st, 2nd and 20th cycles are 1513 mAhg-1, 1261 mAhg1

and 1248 mAhg-1 respectively. This shows low initial capacity, but better retention as

compared to the as deposited sample. It shows nearly 800 mAhg-1 in the 50th cycle and
414 mAhg-1 for the 100th cycle. However, annealing at 500°C shows a marked
improvement over the as deposited electrode. This one exhibits capacities 2296 mAhg-1
for the 1st and 1725 mAhg-1 for the 2nd cycle. It also exhibits 1656 mAhg-1 for the 20th
and 1334 mAhg-1 for the 50th cycle. The electrode annealed at 525°C has only
marginally better capacity than the sample annealed at 500°C. It exhibits a slightly
delayed start, the capacity for the 1st cycle being only 373 mAhg-1. It shows 1644 mAhg1

and 1811 mAhg-1 in the 3rd and 6th cycle respectively. This also shows a low capacity

fade and has a capacity of 1627 mAhg-1 at the 50th cycle. It manages to retain nearly
90% of its maximum capacity. However, annealing at 550, 575 and 600 °C show
capacities of 1468 mAhg-1, 1259 mAhg-1and 1326 mAhg-1 for the 20th and 1261 mAhg-1,
1053 mAhg-1 and 964 mAhg-1 for the 50th cycles respectively. The results of
galvanostatic testing of the lowest, optimum and highest temperature annealed
specimens are shown in figure 3-3. Figure 3-4 presents the cycling of all annealed
electrode cells and the as deposited electrode cell.
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These results are compared to the ion-beam mixed samples, data for which was
obtained from previous experiments, as shown in figure 3-5. Only the 1016 cm-2 ion
implanted electrode seems to have a superior capacity retention. A dose of 1015 cm-2
results in a loss of capacity in the cell after about 50-60 cycles, whereas annealing gives
a capacity retention for a 100 cycles, albeit lower than the ion-implanted samples. The
discharge capacities of select cells at certain cycles are provided in table 3-1. The
capacities for all annealed specimens are in figure 3-6.
Cyclic Voltammetry
The CV tests for the as deposited 525°C annealed samples are shown in figure
3-7. These voltammograms suggest that there is no difference in the reaction that
occurs at the electrodes for all the samples. The peaks do not show any significant shift.
The reduction peak at ~0.6 V is indicative of the SEI layer formation, and is seen for the
first cycle only. In these figures, the 1st, 2nd and 20th cycles are plotted.
Material Characterization
XTEM micrographs for the as deposited and 525°C anneal are shown in figure 38 and 3-9 respectively. It is clear that no silicide is actually formed. EDS scans are
shown in figure 3-10. There is no significant difference between the two. The layer seen
in the XTEM image of the annealed sample is the result of having cut the specimen
across at an angle to the surface normal, and not perpendicular to it. Optical microscopy
of the cycled electrodes reveals crack formation as expected. Figure 3-11 is the optical
micrograph of the specimen annealed at 600°C.
Discussion
Though this system of silicon on SS has not been studied in depth with reference
to silicide formation, there are many articles in literature that have studied the formation
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of the silicide when a thin film of iron is deposited on a silicon wafer and then annealed
[21, 22]. The paper by S. S. Lau and others was used as a guide to decide the
annealing time and temperatures [22]. This paper suggests annealing times less than
10 minutes to form a thin silicide layer not more than 50 nm thick. However, to account
for the presence of a native oxide on the substrate, an annealing time of 90 minutes
was chosen. Many publications have reported that silicon is the diffusing species and
that the silicide formation is time dependent [21-23]. As seen from the XTEM images in
figures 3-8 and 3-9, no silicide layer seems to have formed in case of the 525°C
annealed sample. This is evident by comparison with the XTEM images in the paper by
Baldwin and Ivey, where the silicide formation is clearly visible. However this paper
investigates the formation of the silicide on an etched silicon wafer after a 40 nm layer
of iron was deposited on it [21].
It is evident from the cyclic voltammograms that there is no change in the
reaction that is occurring in electrodes. The reduction peak at ~ 0.6 V corresponds to
the SEI layer, and is absent for the 2nd and subsequent cycles. This is clearly evident
from figure 3-7. Silicon is the only species that intercalates the lithium, expands to
nearly 4 times its volume and shrinks again. Thus, any silicon that is involved in the
silicide formation does not participate in the reaction. This means that the cells were
charged and discharged at a rate higher than C/1. This means the actual capacities of
these cells are better than those reported in the preceding subsection. But no silicide
formation is actually observed, as seen from the XTEM images and EDS scans; which
means the formation of silicide is not the reason for the improved performance, as
hypothesized. In fact, the formation of a silicide has been reported to adversely impact
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the capacity of a cell and deteriorate it [24]. Silicide not forming is possibly due to the
layer of native oxide (containing iron and chromium oxides) present on the steel surface
[25]. It is also possible that the formation of SiO2 takes place. It is worthwhile to note
here, that other studies involving the deposition of iron on silicon do not contain the
oxide. In most studies, the silicon is sputtered or etched to remove the native SiO2
before depositing iron. In this case, however, no etching or sputtering was done prior to
silicon deposition. This makes it impossible to rule out the presence of the oxide.
There is improvement in adhesion between the SS substrate and the deposited
silicon as a result of annealing. As expected, cracking is observed in the deposited
silicon films on cycling [11, 26, 27]. The cycled electrodes were deprocessed as outlined
in the chapter on experimental methods. Optical micrographs were obtained for all the
annealed electrodes. No reasonable inference on a trend in the capacity in relation to
the island sizes can be drawn without the use of SEM for imaging the cycled anodes.
However, in the case of the 600°C -annealed electrodes (figure 3-11), large island sizes
are observed and these exhibited correspondingly lower gravimetric discharge
capacities. This trend has been reported for anodes by Li et al. where thinner films of aSi were found to show higher gravimetric capacities and also smaller island sizes [27].
Size dependent fracture studies have also been performed by Liu et al. for silicon
nanoparticles, where smaller nanoparticles exhibited finer cracks, and less breaking
[28]. Almost no silicon was left on the substrate, which means almost all of it was
delaminated by the 100th cycle for the as deposited samples. This confirms poor
adhesion of the deposited film with the SS substrate. All annealed anodes performed
better than the as deposited anode for over 50 cycles, evident from figures 3-4 and 3-6.
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As stated earlier, the surface of the stainless steel substrate was not etched to
remove any native passivation oxides. Recently, it was shown that a very thin layer,
about 3-5 mm thick, of iron and chromium oxides is present on the surface of stainless
steel by aberration-corrected STEM. The presence of chromium oxide close to the
matrix of the steel and a depletion of chromium close to the oxide/gas interface was
observed [25]. The study of the oxidation of steel by Langevoort et al. reports the
enrichment of the surface of the steel with chromium and its preferential oxidation at
temperatures above 377°C and the absence of an iron oxide layer [29]. These prove
useful to gain an understanding of what might actually be happening at the steel-silicon
interface. Also, silicon has a stable oxide, which forms readily compared to iron or
chromium oxide, evident from the Ellingham diagram. The following is possibly what
happens at the interface – as the temperature is increased, the silicon atoms reduce the
iron, by taking up oxygen from iron oxide. This continues to happen till all the oxygen
from the iron oxide is used up. As the free energy of formation of silicon dioxide is lower
than that of chromium oxide, silicon now starts to take up oxygen from the chromium
oxide. A study on the oxide layers on stainless steel for bonding with glass for hermetic
seals in feed through connectors have shown that the formation of SiO2 affects
adhesion in the case of metal adhesion on glass. This study reports that the formation
of SiO2 as small islands at the interface results in better adhesion between the
chromium and silicon oxides and that a more continuous layer of SiO2 results in poorer
adhesion [30, 31]. Thus it is possible that for the thin films studied in this experiment,
lower annealing temperatures resulted in some SiO2 formation at the interface, which
improved the film adhesion and thus the cycling behavior. However further annealing
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may have resulted in the formation of a continuous oxide, which may reduce the
adhesion leading to a maximum in the effectiveness of annealing on battery
performance. Further studies of the oxide at the interface are needed to determine if
there is merit to this hypothesis.
Another explanation for loss in the gravimetric capacity of the cells for annealing
temperatures above 525°C is the possible formation of a silicide, thereby reducing the
amount of silicon actually available for reaction with lithium. A very small amount of
silicide may be formed, less than 10 nm thick for the higher temperature anneals.
Copper silicide formation in amorphous silicon films 400 nm in thickness deposited on
copper has been reported for higher temperatures (600°C) by He et al. A similar trend of
decreasing capacity is seen with increase in the annealing temperature and silicide
formation [24, 32]. Also, increasing the thickness of the film to greater than 350 nm may
not help, because earlier experiments with 700 nm and 1500 nm films have proved 350
nm to be an optimal thickness. Even ion beam mixing in such 700 nm films as
electrodes have shown poor performance. These thicker films are prone to forming
larger cracks, and delaminate faster than thinner films, resulting in faster capacity fade.
Thinner films have proven to minimize the probability of cracking and delay subsequent
failure of the electrode [27, 32].
Finally, all cells were tested at a high cycling rate of C/1. Cycling the cells at
more lower rates that correspond to those in actual devices will show better
improvement in capacity and retention.
Concluding Remarks
Thin films of amorphous silicon were deposited on stainless steel substrates, and
subsequently tested as potential battery anodes. The annealing resulted in an increase
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in the capacity retention upon cycling, with the best improvements seen for the sample
annealed at 525°C. This is possibly because of the formation of some SiO2 at the
silicon-substrate interface, which improved the adhesion at the interface and hence the
cycling performance. Further annealing possibly resulted in the formation of a
continuous layer of SiO2, which reduced the adhesion, and in turn the cycling
performance. Also, no silicide formation was observed. Cyclic voltammograms confirm
the reaction of only silicon in the cells.

Figure 3-1. Results of galvanostatic cycling of the as deposited electrode.
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Figure 3-2. Result of annealing at 475°C for, compared to the as deposited electrode.

Figure 3-3. Comparison of cycling performance of the as deposited and 475, 525 and
600°C annealed electrodes
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Figure 3-4. Comparison of cycling performance of as deposited and all annealed
electrodes

Figure 3-5. Galvanostatic cycling test results for as deposited, optimum anneal and ion
implanted specimens
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310

Figure 3-6. Trend in gravimetric capacity of the 50th cycle with annealing temperature.

Figure 3-7. Cyclic voltammograms of the 1st, 2nd and 20th cycles. A) As deposited. B)
525°C annealed electrodes.
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Figure 3-8. XTEM image of the as deposited specimen.

Figure 3-9. XTEM image of the specimen annealed at 525°C for 90 minutes.
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Figure 3-10. EDS scans. A) As deposited specimen. B) 525°C -annealed specimens.

Figure 3-11. Micrograph of the cycled electrode for the specimen annealed at 600°C.
Darker areas correspond to the silicon and the lighter parts to the SS
substrate.
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Table 3-1. Gravimetric discharge capacities for all cells for select cycles.
Gravimetric discharge capacity (mAhg-1)
Cell
Cycle 1
Cycle 2
Cycle 20
Cycle 50 Cycle 100
As deposited
2910.49
1378.28
399.99
309.51
228.70
475°C anneal
1573.19
1261.41
1248.58
797.27
414.01
500°C anneal
2268.84
1725.44
1656.00
1556.99
1007.65
525°C anneal
372.67
132.54
1761.53
1627.22
1212.21
550°C anneal
1495.49
1251.00
1468.51
1261.88
323.01
575°C anneal
1346.88
1166.77
1259.24
1053.80
582.54
600°C anneal
1284.43
1080.11
1326.71
964.32
529.56
1e15 ion implanted
1044.94
634.10
2320.44
1812.41
535.18
1e16 ion implanted
3266.32
2713.47
2533.30
2366.38
1715.64
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CHAPTER 4
CONCLUSIONS
Summary
In summary, electrodes annealed for 90 minutes over a range of temperatures
were assembled in pouch cells and electrochemically tested using galvanostatic and
cyclic voltammetry methods. While annealing was expected to form a silicide and aid
the gravimetric capacity and its retention, no silicide was formed. This was confirmed by
XTEM and EDS scans at the SS – silicon interface. A more thorough literature survey
has shown that thick layers of silicide are detrimental to cell performance. However,
annealing did help, and an impressive capacity of ~1550 mAhg-1 was observed for the
electrodes annealed at 525°C in spite of the high cycling rate, unlike the as deposited
electrodes, which lost almost all capacity after about 20 cycles. Cyclic voltammograms
confirmed no changes in reaction at any of the annealing temperatures. Better adhesion
between the deposited silicon films and the substrate is what seems to bring about this
improvement in performance. A possible explanation for what is possibly going on at the
interface is also proposed. Also, varying the annealing temperature has shown a trend
with the maximum improvement in capacity exhibited for electrodes annealed at 525°C.
Future Work
While it is now established that annealing has significantly improved the
performance of these cells, it will be interesting to study the effect of annealing time, at
a given temperature. It is possible that the same set of results may arise from annealing
for shorter periods at higher temperatures or longer periods at lower temperatures. This
will help establish a suitable schedule for annealing depending on the thermal budget.
Also, in-situ optical/electron microscopy will help in understanding such systems better.
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Variations in cycling rate will also give valuable insights into the effects of annealing on
cell performance. Analysis of SEM images of cycled electrode will help to build a
correlation between the size of the islands on the cracked electrodes and annealing
temperature and/or annealing time.
Further investigations of the interface via aberration corrected STEM will also
offer profound insights into annealing and its effects at the interface. To understand
exactly what happens at the interface, chemical characterization of the interface, which
detects the oxidation state of chromium or silicon, needs to be done, using EELS.
It will be interesting to study annealing of silicon films deposited on a foil of iron,
instead of SS, and see if silicide formation occurs. However, the added possibility of
oxidation of iron during storage can pose a problem. It would, in that case, be a good
idea to store such specimens in an inert chamber or in the glove box.
Another interesting approach would be to try and use the inverted system where
iron is deposited on ultrathin wafers of silicon, and then annealed and used as the
anode. Such an inverted system, as stated earlier in this work, has been the subject of
intense research for a very long time.
Silicon holds a lot of promise as an anode material. The use of thin films may be
restricted to use in small medical devices, and probably small portable electronics. But,
the simple method of depositing a film and heating it to a favorable temperature brings
about quite an impressive improvement in the capacity of the cell. This is a relatively
inexpensive method compared to synthesizing nanostructures or using ion beam mixing
to improve the capacity. Even though improvement in capacity isn’t as good as that
seen from ion beam mixing, this method can prove to be useful where capacities in the
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range of those exhibited by these annealed anodes are acceptable from the viewpoint
of reducing costs. RTA at higher temperatures can possibly replace the longer
annealing time, which could allow this system to be commercially introduced.
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