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Abstract

Diffusion of lithium in boron-doped diamond thin films

Elin Berggren

In this thesis, the diffusion of lithium was studied on boron-doped diamond (BDD)
as a potential anode material in lithium ion batteries (LIB). The initial interaction 
between deposited lithium and BDD thin films was studied using X-ray 
Photoelectron Spectroscopy (XPS). Diffusion is directly linked to reactions between 
lithium and carbon atoms in the BDD-lithium interface. By measuring binding 
energies of core-electrons of carbon and lithium before and after deposition, these 
reactions can be analyzed. Scanning Electron Microscopy (SEM) was used to study 
the BDD surface and the behaviour of deposited lithium. Experiments show that a 
chemical interaction occurs between lithium and carbon atoms in the surface
layers of the BDD. The diffusion of lithium is discussed from spectroscopic data and 
suggests that surface diffusion is occurring and no proof of bulk diffusion was found. 
The results do not exclude bulk diffusion in later states but it was not found in the 
initial interaction at the interface after depositing lithium. SEM images show that 
lithium clusters in the nanometer range are formed on the BDD surface. The results 
of this study give insights in the initial diffusion behaviour of lithium at the BDD 
interface and possible following events are discussed.
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Litiumdiffusion i bor-dopade tunna diamant-filmer

Elin Berggren

Vår använding av elektronik har nått en ny höjd vilket resulterar i en stark efterfrågan på
bättre, billigare och säkrare batterier. Sedan det första batteriet kom till marknaden har
industrin för elektronisk utrustning förändrats fullständigt. Bärbar elektronik och elbilar
är två drivkrafter till att utveckla batterier som är små i storleken, billiga att tillverka och
har en hög kapacitet. Kraven som konsumenter ställer på personlig elektronik så som mo-
biltelefoner, datorer och kameror ökar ständigt. Samtidigt är resurserna och materialen för
att tillverka batterier som används i personlig elektronik inte oändliga. Nya lösningar för
material och design är alltså nödvändiga för att nå upp till efterfrågan som finns för att
kunna förvara elektrisk energi.

Laddningsbara batterier är idag i framkant när det kommer till forskning och använding
och det i många fall bästa alternativet är litiumjonbatteriet. Denna typ av batteri har flera
fördelar jämfört med andra laddningsbara batterier så som hög energitäthet och hög cell-
spänning. Det första litiumjonbatteriet tillverkades 1991 av Sony [1] och finns idag i en stor
del av den personliga elektroniken och majoriteten av producerade elbilar.

Ett litiumjonbatteri består av tre centrala delar: en positiv elektrod (katod), en negativ elek-
trod (anod) samt en elektrolyt. Elektrolyten har som uppgift att transportera litiumjoner
mellan anoden och katoden medan elektroner rör sig genom en extern krets (1). Då bat-
teriet laddas rör sig jonerna och elektronerna från katoden till anoden. När jonerna och
elektronerna når anoden reagerar de med varandra och anod-materialet genom en så kallade
redox-reaktion. Samma typ av reaktion sker då batteriet används och urladdas då jonerna
rör sig tillbaka genom elektrolyten till katoden. När batteriet används är det skillnaden i
redox-potential som driver jonerna och elektronerna. När batteriet laddas läggs istället en
spänning över batteriets två poler vilket driver litiumjonerna från en sida till den andra.
Katoden och anoden har som uppgift att lagra litiumjoner och elektroner och därför är
strukturen och de elektrokemiska egenskaperna hos dessa viktiga.
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Figure 1: Litiumjonbatteri under laddningsprocessen.

För att batteriet ska nå en hög cellpotential bör skillnaden i redox-potential mellan anod och
katod vara stor. Batteriets kapacitet anger hur länge och hur hög ström batteriet kan tillförse
och är beroende av hur många joner som anoden och katoden kan förvara. Samtidigt bör
inga permanenta förändringar eller reaktioner ske eftersom batteriet ska kunna laddas och
urladdas flera gånger. Diffusionen av litiumjoner i elektrod-materialen är även avgörande för
att många joner ska kunna lagras i elektroden. Hur bra jonerna diffunderar in i elektroden
beror både på elektrodens geometri och elektrokemiska egenskaper.

Det material som används i störst utsträckning som anod idag är grafit, vilket är en al-
lotrop form av kol. Grafit har enastående egenskaper när det kommer till litium-diffusion
och är även mycket billigt att tillverka. Andra typer av kol-material har undersökts som
potentiella anod-material, varav en av dessa är bor-dopad diamant (BDD). Det är av stort
intresse att undersöka nya material för anod och katod och BDD har flera egenskaper som
gör det intressant att undersöka för potentiell användning i litiumjonbatterier.

I denna studie undersöks diffusionen av litium i bor-dopad diamant för att analysera dess
lämplighet som anod-material i litiumjonbatteriet. Genom att studera en del utav LIB-
systemet kan insikter fås om hur olika komponenter kan utvecklas, i detta fall anoden. Un-
dersökningar har utförts med fotoelektronspektroskopi (XPS) och svepelektronmikroskopi
(SEM). Fotoelektronspektroskopi är en ytkänslig analysmetod som används för att bestämma
sammansättningen hos ett prov. Röntgenljus exciterar fotoelektroner i provet och deras
rörelseenergi detekteras i spektrometern. Denna energi kan räknas om till bindningsenergin
denna elektron hade i atomen innan excitation och på så vis kan elementen som befinner sig
i provet bestämmas. Denna metod beskriver även den kemiska omgivningen och bindningar
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som finns i provet. XPS är alltså passande för att undersöka gränsskiktet mellan litium och
BDD och deras kemiska interaktion. Den initiala interaktionen på diamantytan kan direkt
kopplas till hur ytdiffusionen ser ut och kan även användas för att analysera bulk-diffusion.
För att avbilda BDD-ytan innan och efter litiumdeponering användes SEM. Detta tillsam-
mans med resultaten från XPS ger en god inblick i hur ytdiffusionen ser ut och hur litium-
och kolatomerna interagerar med varandra.

Resultat av utförda experiment med XPS visar att litium interagerar kemiskt med ko-
latomerna i BDD och att en reaktion sker. Reaktionerna tyder på att ytdiffusion sker
efter beläggning och resultaten utesluter inte bulk-diffusion, även om detta inte observer-
ats. Då en mycket ytkänslig metod användes skulle kompletterande studier kunna ske med
en djupgående analysmetod där litiumkoncentrationen kan mätas längre ner under ytan.
SEM-bilder visar att litium bildar små partiklar på ytan vilket innebär att det finns en
stark litium-litium interaktion på ytan tillsammans med interaktionen mellan litiumatomer
och kolatomer. För att utveckla batterier krävs en förståelse för hur batterikomponenter
interagerar och denna studie beskriver interaktionen mellan litium och en möjligt anod, bor-
dopad diamant.

Examensarbete 30hp på civilingenjörsprogrammet
Teknisk fysik med materialvetenskap

Uppsala Universitet, maj 2020
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1 Introduction

One of the biggest challenges that our society faces is our energy consumption and its effect
on the environment. The necessity for sustainable energy sources and energy storage drives
development of our existing solutions and creating novel approaches of generating and stor-
ing energy. Renewable energy sources, such as wind and solar power, do not produce energy
at a consistent rate throughout the day or on an annual basis. Excess energy is produced
by photovoltaic cells (solar panels) in the summer due to prolonged hours of sunlight. This
energy should be stored until needed to not waste electricity. In the winter months, more
energy is needed than our renewable sources are producing. This scenario creates a demand
for batteries with larger capacities than we currently have. Photovoltaic systems are ex-
pected to have a lifespan of 25 years. Thus, an ideal alternative for energy storage should
have a similar lifespan. Lithium ion batteries (LIB) exceed other rechargeable batteries in
this regard due to its long cycle life and low maintenance. [2] Producing batteries of such
scale needed to store electric energy from an energy source sets new demands for safety, life
span and price while also necessitating continued research into lithium ion batteries.

The paradigm shift towards electric vehicles is setting a new demand on high performing
batteries in terms of charging capacity and lifetime. A report from the International Energy
Agency showed that the number of registered electric vehicles increased by 63% from 2018 to
2019. [3] LIBs are the most suitable choice for electric vehicles partially because they have
a large energy density and can deliver more power with less mass. [2] Portable electronics
such as phones, tablets and computers also demand battery improvement to minimise the
size while optimizing performance. The automobile- and personal electronics industry are
both pushing for the development of batteries with longer lifespan and larger capacity.

The use and development of rechargeable Lithium ion batteries started in the early 1980’s
and has since revolutionized the capabilities of batteries. The first LIB arrived on the com-
mercial market 1991 and today they can be found in most electric vehicles, smart phones
and other portable electronics. [4] A lithium ion battery consists of four main parts: pos-
itive electrode, negative electrode, separator and electrolyte. Lithium ions travel through
the electrolyte from one electrode to the other which facilitates an electric current in the
external circuit, powering an electric device. Improving batteries further is an ongoing chal-
lenge and research is primarily focused on these four components. The chemical interaction
of these components directly influences the quality and performance of the battery. The
material used for the electrodes must be of such a structure that lithium ions can easily
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intercalate inside it. The negative electrode (anode during discharge) is therefore usually
made by graphite or a graphite-composite because they are porous. An increased focus on
other carbon based materials and carbon allotropes as electrode materials proceed as the
requirements on battery performance increases.

To investigate and develop new materials solution for lithium batteries, an understanding of
the lithiation process at an atomic level is vital. The process of charging and discharging
the battery includes diffusion of lithium ions and chemical interaction between the ions and
the electrode. Electrochemical reactions are taking place forming lithium compounds. Mod-
elling parts of the system can provide insights in the behavior of these reactions. Using the
theory of inorganic chemistry and studying the systems in a smaller scale makes it possible
to understand the complicated battery systems and developing them further.

X-ray Photoelectron Spectroscopy (XPS) is a surface sensitive measuring technique that
measures binding energy of electrons in matter. The binding energy of electrons are specific
for each element. Thus, XPS provides information about what materials are present in the
sample at an atomic scale. This method also reveals the chemical environment of the atoms
and how they are bounded in the atomic structure. When investigating complex chemical
systems, this is therefore a suitable technique. To minimise radiation damage on samples
and receive a surface sensitive measurement, a low-dose Angular Resolved Time-of-flight
spectrometer was used. This method can, thanks to its high transmission, keep a low dose
of photons with low energies which are suitable for sensitive samples.

This thesis presents studies on diffusion of lithium in thin films of boron-doped diamond
(BDD) in order to evaluate BDD as a potential electrode material. As an allotrope to
graphite, which is used in most batteries today, it is of great interest to study BDD and its
diffusion and electrochemical properties. The results from this study is thereafter compared
with previously performed experiments on graphite. To study the diffusion in real-time with
a high energy resolution, photoelectron spectroscopy was used. Spectroscopy studies were
carried out at the synchrotron BESSY II in Berlin at the PM4 end station using Angular
Resolved Time-of-Flight Spectroscopy (ArTOF). Scanning Electron Microscopy (SEM) was
used to investigate the nature of the deposited lithium on the BDD sample.
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2 Background

2.1 Lithium ion batteries

The Lithium-ion battery was first discovered in 1912 by G.N. Lewis and was brought to the
commercial market by Sony Corporation in 1991.[5, 1] The charging and discharging process
involves positively charged lithium ions traveling through the electrolyte, from one electrode
to the other. The electrons released from the lithium compounds in the electrode - forming
the ions - travel through the external circuit powering the electric device. The revolutionary
use of lithium ions and electrons intercalating in the positive and negative electrode makes
it possible to reuse the battery several times. By simply recharging the battery, forcing the
ions back to the opposite electrode, the battery can be used multiple times with minimal
degradation. [5] The performance requirements of the battery depends on the intended use.
Thus, the price, physical size and cell voltage varies depending on what it will be used for.
High cell voltage (V), energy density (Wh/l) and specific energy (Wh/kg) are some of the
main advantages of LiBs compared to other rechargeable batteries. [6] Other definitions to
describe the performance of batteries are the capacity (amount of electric charge the battery
can supply), self discharge and lifetime. [7]

Figure 2: Lithium ion battery during charging process.

The Li-ion battery consists of two electrodes (anode and cathode), a separator, an electrolyte
and an external circuit, transporting the current (see figure 2). [7] The electrolyte acts as
the medium through-which the ions travel and the ionic conductivity of the electrolyte is
therefore important to achieve a high capacity and cycling capability of the battery. The
electrolyte can be of an organic or aqueous type. The latter has gained popularity over the

3



last 15 years due to its safety and lower cost. [8] The function of the separator is to electri-
cally isolate the anode and cathode to avoid short circuiting, while allowing the transport of
Li ions. Therefore, it has a porous structure and usually consists of a polymer. [9]

The discharging process - when the battery is used to power an electric device - is driven by
the difference in potential between the positive and negative electrodes. The electrode which
the ions travel to when the battery is being discharged is the cathode (positive electrode).
When the Li ion meets the electrolyte-cathode interface, a compound is formed together with
the cathode material and the electrons from the external circuit. The reaction taking place
at the cathode is a so called redox reaction. The redox reaction occurs when the cathode
material is reduced, taking up an electron and the Li ion. Lithium oxides are often used as
cathode material since they have a layered structure allowing intercalation of lithium ions.
[10] At the interface between the electrolyte and a LiCoO2 cathode, the following reaction
occurs:

Li1−xCoO2 + xLi+ + xe− 
 LiCoO2 (1)

When charging the battery, a voltage is created between the anode and cathode, and the Li
ions and the electrons travels to the negative electrode. Similarly to the cathode reaction,
the ions intercalate into the anode material. [11] The most used anode material today is
graphite, resulting in the following redox reaction:

6C + Li+ + e− 
 LiC6 (2)

When the charging process is done, there is a difference in potential between the two elec-
trodes which determines the cell voltage of the battery.

Lithium has the atomic number 3 and the ionic radius of 0.60 Å for Li+. Because of its
small size it can easily intercalate into a layered or porous structure. [12] The capacity of
the battery is defined by how many electrons can be transported back and forth from the two
electrodes. The capacity is measured with the provided current over time (Ah) and when
comparing different battery system, the weight capacity is usually used (Ah/kg or mAh/g).
The more ions that can intercalate into the electrodes the better, and this depends greatly
on the structure of the material. [13]
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2.1.1 Electrode materials

The materials used for the positive electrode (cathode) and the negative electrode (anode)
directly affect the cell voltage and energy density of the battery. The amount of electrical
energy that the battery can supply is directly correlated to the number of ions being able to
intercalate in the electrodes. Consequently, the desired properties for the electrode materi-
als are the ability to insert and extract a large amount of Li+ ions into its lattice without
permanent changes occurring. The diffusion of ions in the electrode is also a crucial factor
of the overall performance of the battery. The materials predominantly used for the cathode
is metal oxides, containing lithium [6]. These layered lithium-containing oxides makes for a
suitable material for lithium ions to be inserted into. The first Li-ion battery on the market
used LiCoO2 which has a voltage of 3.9 V. Additional oxides have been studied to replace
the toxic and expensive cobalt. Examples of this are LiMn2O4 and LiNiO2 which are used
in electric vehicles. [10]

One of the attractive properties for the anode and cathode material is to be able to ac-
commodate for a large amount of lithium atoms in its structure. The redox potential is also
important and should be small for the anode, meaning that a small amount of energy is
needed for the exchange of electrons between the Li and C atoms. A low redox potential for
the anode results in a higher cell potential for the battery which is desired. The conductivity
of the anode is essential considering that a larger velocity of the ions generates a higher
power density. When developing new potential electrode materials, it is then important to
study both the diffusion mechanism and the electrochemical interaction. [14]

Carbon-based compounds are particularly interesting for the anode and graphite is at the
forefront of research and usage. Graphite consists of graphene layers stacked on each other,
held together by Van der Waals forces. Each layer is made up by hexagonal structures where
the carbon atoms are connected with a stronger sp2-bonding. [15] The structure of graphite
makes it possible for Li ions to easily intercalate between the graphene layers, see figure 3.
[6] The graphite-LiCoO2 is the leading system for lithium-ion batteries with the theoretical
maximum capacity of 372 mAh/g. [13]
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Figure 3: Intercalation of Li ions in graphite electrode.

Pure graphite was the first anode material and since then other carbon-based materials have
been studied as potential alternatives. Carbon nanotubes (CNTs) and Highly Oriented Py-
rolytic Graphite (HOPG) are two examples of carbon allotropes that are possible candidates
for anodes. [16] Experimental results performed from this study will be compared to previ-
ous lithium diffusion studies made on HOPG.

As a carbon allotrope, diamond has attracted attention as a potential electrode material
in lithium ion batteries. The electrically conductive material boron-doped diamond (BDD)
was found to posses suitable properties for this application. Specific characteristics that were
found in electrochemical studies are a large potential window, low background current and
high stability which makes for a good candidate in this matter. Good diffusion of Li ions in
BDD is a requirement on electrode materials and this property was studied and discussed
for BDD in this thesis. [17]

2.2 Boron-doped diamond

Diamond has been studied and used widely for research and industrial purposes due to its re-
markable material properties. The optical properties, thermal stability, thermal conductivity
and mechanical strength of diamond makes it the material of choice for many applications.
While being a good thermal conductor, its electrical properties are usually that of a semi-
conductor. A perfect diamond, consisting of only sp3-bounded carbon atoms, is electrically
isolating due to the lack of free electrons in the cubic lattice. However, perfect diamonds are
close to impossible to fabricate and impurities in the material leads to a change in electronic
properties. Diamond produced by Chemical Vapour Deposition (CVD) show semiconducting
behavior with an indirect band gap of 5.47 eV. This results in a semi-conducting material
which can withstand a high electric field. [18]
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2.2.1 Material properties

The substitution of carbon atoms, also called doping, changes the properties of the material.
By doping diamond with elements such as boron or phosphorus, the electrical properties are
changed and the conductivity increases. These electrical properties stem from the now larger
amount of free electrons and holes in the material. As the concentration of boron atoms in
the material increases the electrical conductivity becomes metallic-like, narrowing the band
gap. Doping diamond with boron, is a p-type doping due to the atomic number of boron
being lower than for carbon. The boron atoms will then attract electrons, creating vacancies
in the lattice which are conducting. Boron-doped diamond (BDD) has a large potential
window which makes it a good candidate for a battery electrode in an aqueous solution. [19,
20]

BDD is commonly fabricated using CVD where conditions such as temperature, pressure
and deposition time influence the characteristics of the finished material. The grain size
varies depending on these parameters, eventually modifying the electrical properties of the
electrode. The concentration of boron can be altered which will affect the conductivity of the
electrode. [21] The conductivity changes with the boron concentration as the ratio of sp2-
and sp3-bonded carbon atoms changes. As pure diamond (with only sp3-bonded carbon) is
electrically insulating, the increased conductivity can be linked partly to the amount of sp2

bonds and thus, the amount of boron.

The sp3/sp2 ratio however also depends on the parameters used in the CVD deposition
and can therefore to some extent be controlled. The non-diamond sp2 carbon has a higher
density of state (DOS) which explains why it conducts electrons faster. [21, 22] Aside from
the conductivity, the concentration of boron in the diamond lattice also affect the potential
window. The potential window is a vital aspect of the electrode material which decreases as
the sp3/sp2 ratio decreases (as more boron is added).[23]

The electrochemical properties of BDD also depends on the surface termination or sur-
face treatment i.e. in which way the CVD process was terminated. The environment in
which the process ends leads to differences in the surface properties. Using hydrogen (H) or
oxygen (O) when terminating the CVD process generates different electrochemical qualities
that might be better suited depending on which electrolyte is used. [24] The rate at which
the electron transfer occurs changes depending on which termination is used as well as the
surface wettability meaning if the surface is hydrophilic och hydrophobic. [23]
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The main advantages of BDD as an electrode material presented by studies are the large
potential window, chemical and thermal stability as well as low background current. The
process by which the material is grown and the parameters used are crucial to what result is
achieved and the properties of the electrode. There is undeniably a possibility of producing a
LIB electrode consisting of boron-doped diamond that would outperform graphite and other
electrode materials with regards to the discussed properties. [25]

2.2.2 Diffusion and intercalation of Li

The electrochemical properties of the CVD manufactured BDD are of great interest in the
studies of future electrode materials. The redox-reaction in the two electrodes are the central
part of the battery electrochemistry and the amount of Li ions intercalating in the electrode
is directly connected to its capacity. The BDD atomic lattice shows a part of sp2 sites where
Li+ ions can be stored. Studies by A.Y.M.T Christy et al. [26] showed that ions intercalate
in an interstitial way, not only in the sp2 sites but also in the sp3 sites. The study also
explains that the cycling capabilities were stable after 10 cycles when using a BDD anode.

Apart from the electrochemical properties of an anode material, the insertion capability and
diffusion of Li+ ions is crucial. The lithium ions must travel a certain distance into the bulk
of the anode for all the ions to be stored. The diffusion rate of Li+ is therefore critical for the
anode material. The rate of diffusion will also determine how fast the charging process will
be. The diffusion and ability to host intercalated ions is determined by the materials geomet-
ric conditions and how easy it is for the ions to migrate to an empty site in the structure. [27]

Diffusion is defined as a continual movement of elements in a material, in this case lithium in
BDD. When the lithium ions meet the BDD surface, they either diffuse into the bulk or stay
adsorbed on the surface. The change of lithium concentration c over a certain distance x into
the bulk of the BDD sample will show if diffusion is present (dc/dx 6= 0) or not (dc/dx = 0).
The so called flux (J) of atoms describes how many atoms flow through an area over time
(atoms/m2 · s) and Fick’s first law explains that the flux depends on the diffusion constant
(D) and change in concentration for a steady diffusion:

J = −Ddc

dx
. (3)

In the studied system additional factors influences the diffusion mechanisms such as defects,
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chemical interaction and temperature. The concentration of lithium is dependent on both
time (t) and distance (x ) as the diffusion is a nonsteady state diffusion. The more ions
penetrate the BDD, the slower the diffusion is. [28] The nonsteady state diffusion is explained
by Fick’s second law:

∂c

∂t
=
∂

x
(D

∂c

∂x
). (4)

The system studied in this thesis is a simplified anode-electrolyte interaction and can be
seen as a semi-infinite host with a finite concentration of lithium added on the surface. The
diffusion is then unsteady with a Gaussian concentration profile following the expression:

c =
2M

A
√

4πDt
exp (

−x2

4Dt
) (5)

where M is the constant amount of lithium added at time t=0 and A is the area which the
lithium diffuse through. This is the so called thin-film solution to Fick’s second law. [29] The
form of lithium evaporated onto the BDD samples is most likely lithium atoms and not ions.
Li is highly reactive and if any ions are present in the evaporation gas, it will most likely
attract an electron so that the grounded sample remains charge neutral. Lithium atoms are
expected to diffuse interstitially in grain boundaries as well as in the BDD bulk in the sp3
sites.

In a battery, the diffusion depends on both the geometry of the electrode material and
the electrochemical interaction between ions and the electrodes. An additional factor in-
fluencing the diffusion in a battery is the applied voltage over the electrodes, driving the
diffusion further. The diffusion mechanisms of a lithium ion battery is rather complex and
depends greatly on the material properties of the electrodes and electrolyte.

In a lithium ion battery, the diffusing species (Li+) are smaller than in the experiments
performed in this study as they lack one electron. The Li+ ion has - as mentioned earlier
- a small radius and is expected to diffuse into diamond in an interstitial way. The atomic
radius of a Li atom is 152 pm which will result in a larger activation energy and smaller
diffusion constant. [30] The activation energy for Li+ in diamond was in a study performed
by C. Uzan-Saguy et al. [12] found to be 0.26 eV. The activation energy (Qd) explains how
much energy is needed to generate the diffusion motion and the value of Qd together with
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the additional parameters shown in equation 6 will affect the diffusion constant. [31]

D = D0 exp (− Qd

RT
) (6)

Studies performed by Mandeltort and Yates [32] of lithium diffusion in HOPG showed an
activation energy of 0.16 eV which results in a larger diffusion constant than that of lithium
in diamond. Thus, the diffusion for BDD is expected to be slower than that for HOPG
when comparing results. The diffusion constant of HOPG in room temperature, with the
activation energy 0.16 eV, would then be D(300K) ≈ D0 · exp(−6.4) ≈ D0 · 1.7 · 10−3.
The diffusion constant for diamond would, with the activation energy 0.26, be D(300K) ≈
D0 · exp(−10.4) ≈ D0 · 3 · 10−5.

2.3 X-ray Photoelectron Spectroscopy

Photoelectron Spectroscopy (PES) has been used since the middle of the 20th century to
study materials and their properties. The theory behind the method originates from the
photoelectric effect first detected by Hertz in 1887. [33] Einstein later investigated this
further and described the emission of an electron from an atom due to energy transferred
from light, introducing the concept of the photon in 1905. [34] The photoelectric effect
observes that the energy needed to emit an electron from a solid depends on both the
binding energy of the electron (EB) and the materials work function (φ). The electrons
binding energy is defined as the difference between the Fermi energy (EF ) and the core level
energy and depends on the atomic number Z. The difference between EF and the energy of
the vacuum level - where the electron moves freely - is given by the work function. [35] For
most materials in a solid state this value is between 2 eV and 5 eV [36, 37]. The photoelectron
emitted from excitation by a photon with the energy hν will then have the kinetic energy
Ek shown in equation 7 below.

Ek = hν − φ− EB (7)

X-ray Photoelectron Spectroscopy (XPS) uses the principle from the photoelectric effect
and high energy x-rays to excite core-level electrons in a material. There are several ways
of describing the emission process, one of them being the three-step-model, which divides
the emission process into three steps: 1) Excitation of the photoelectron in an atom 2) The
photoelectron travels to the surface 3) The photoelectron escapes from the material surface
and out into vacuum.
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This model is however somewhat limiting as it does not take into account some of the effects
rising from the emission process. Describing the photoemission process based on the initial
and final state is consequently more accurate. The initial state involves the absorption of
the photon and the final state involves emission of the photoelectron. [33] The initial state,
with N electrons has the energy Etot(N) + hν and the final state with N-1 electrons has the
energy Etot(N − 1) + Ek. [38]

Effects arising from the initial state depends on the chemical environment of the atom.
When an atom is bounded to another atom, the binding energy of the electrons is influ-
enced, resulting in the so called initial-state effects. The final state results in a number of
effects due to different phenomenons taking place in this part of the process. One of the
final-state effects comes from the adjustment of the system after the vacancy is created in
the atom. The energy needed to adjust the electrons to minimise the energy in the system is
called the relaxation energy. To associate the correct binding energy to the measured kinetic
energy of the photoelectron, these effects should be accounted for in the calculations. [33]

Figure 4: Emission of a core level photoelectron with the kinetic energy Ek, Fermi energy
EF , photon energy hν and work function φ.

Analysing the binding energy of core-level electrons provides information about the electronic
states within the material. A spectrum is created by sampling the number of photoelectrons
at a certain kinetic energy, which from equation 7 can be converted into binding energy.
The intensity in the spectrum therefore describes which electrons (with a certain binding
energy) are present in the sample and the composition can be described by the relative peak
intensities. [33]

The binding energy of the electron will vary depending on the chemical environment of
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that atom. This difference in binding energy will appear in the spectrum as a chemical
shift in energy and can indicate what type of chemical structure is present in the material.
Chemical shifts and their impact on spectroscopy research was brought to light by Siegbahn
et al. at Uppsala University in 1964. The discovery lead to a Nobel Prize and the notation
of Electron Spectroscopy for Chemical Analysis (ESCA) [39]. The published article that
proved the importance of chemical shifts showed that a sulfur peak had different energies
depending on its chemical environment i.e. what elements the sulfur atoms were bonded to.
[40] This theory is used here to analyze the interaction between carbon and lithium atoms
in the BDD-Li interface.

2.3.1 Synchrotron radiation

The improvement of XPS and the resolution of this technique depends greatly on the de-
velopment of synchrotron radiation (SR) sources. The theory of a synchrotron was first
discovered by Vladimir Veksler in 1944 and the first synchrotron was built in 1947 by Gen-
eral Electric in New York. After a rather slow start and lack of appreciation, there are now
several synchrotron facilities around the world offering measurements using photon energies
from a few eV up to several keV. [41]

A synchrotron accelerates electrons - or other charged particles - and forces them into a
circular orbit with the help of magnetic fields. When the velocity of the electrons approaches
the speed of light, photons will spontaneously emit from the electrons with an energy in the
ultraviolet or x-ray region. [42] The acceleration of charged particles generates electromag-
netic radiation due to a rearrangement of the particle’s electric field. This radiation will be
emitted tangential to the particles motion at the time of emission. The circular conformation
of the synchrotron results in a high intensity radiation since the acceleration of the electrons
is increased. A circular motion of the electrons causes a higher acceleration compared to if
they were to be accelerated linearly. [43]

The use of high energy SR facilitates excitation of core-level electrons in various materials
due to the range of photon energy possible with this technique. One of the main advan-
tages in using a synchrotron as an x-ray source for spectroscopic studies is the ability to
tune the photon energy. A variety of spectroscopy methods such as Hard X-ray Photoelec-
tron Spectroscopy (HAXPES), Soft X-ray Photoelectron Spectroscopy (SOXPES) and X-ray
Absorption Spectroscoy (XAS) are commonly using SR. By choosing a low photon energy
(SXPES) the spectroscopic studies will be surface sensitive due to the inelastic mean free
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path (IMFP) being shorter. The IMFP describes the average distance which the photoelec-
tron travels in the material before it scatters inelastically. The information depth increases
with larger photon energy because more photoelectrons created deeper in the bulk will es-
cape from the material. [41]

The pulsed nature of SR makes it possible to perform time-resolved spectroscopy measure-
ments. Electron bunches are created in the synchrotron storage ring due to the use of radio
frequency (RF) to accelerate the electrons. The phase of the alternating voltage decides the
time between the electron bunches as well as the length of an electron pulse. [44]

2.3.2 Angular Resolved Time-of-Flight (ArTOF)

The angular dependence on photoemission was studied as early as the 1920’s by researchers
at Bell Laboratories. After discovering that photoemission does not only occur on the sur-
face of a material but also in the bulk, further research on angular dependence was carried
out. Experiments using Angular Resolved Photoelectron Spectroscopy (ARPES) were first
carried out in the 1970’s and the first documented band mapping using ARPES was pub-
lished in 1974. By logging the variation in energy of spectrum peaks dependent on the angle
of emission, angular dependence was confirmed. [45]

The two angles that are of interest for ARPES measurements are the polar angle (θ) and
the azimuthal angle (φ) (see figure 5). These are the so called take-off angles and are used
for band-mapping, photoelectron diffraction and other experiments. [45] By measuring the
kinetic energy Ek of the photoelectrons emitted in a certain direction, the momentum K of
the electrons can be directly linked to the binding energy Eb. [46]

Figure 5: Measured angles in an ARPES experiment.

The ArTOF spectrometer at the PM4 end station at BESSY II synchrotron combines the
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angular resolved detection with time-of-flight energy analysing. [47] Combining a hemispher-
ical energy analyzer with a Time of Flight (TOF) analyzer increases the transmission and
allows for a high angular and energy resolution. [48] The high transmission of the ArTOF
spectrometer results in a good count rate of photoelectrons. This means that the dose of
photons can be decreased, resulting in a low-dose spectroscopy method which is suitable
for sensitive samples. The experiments performed in this Masters Project include studying
lithium and carbon peaks over a long time (several hours) and in this situation, the low-dose
PES is preferred to minimise effects radiation effects.

2.3.3 Analysing spectroscopic data

To receive chemical information from a spectroscopy spectrum, the peaks are fitted with suit-
able mathematical functions. Examples of functions appropriate for spectroscopic spectra
are Laurentzian, Gaussian and the Voigt distribution which is a convolution of the previous
two. The background in the spectrum is often fitted with a Sigmoid function, and can there-
after be excluded in calculations. Fitting a spectrum provides numerical values which can
be used to analyze the sample. [49]

Curve fitting involves fitting a mathematical function to a set of data points to more easily
visualize the data. The function that is best suited to explain the data is the one that has
the smallest difference in value between the fit and the actual data points. When the dif-
ference between the data points and the fitted curve along the y-axis is minimized, the fit
is optimal. This process is called the least square method and can be used for both linear
and non-linear functions. One way to solve non-linear least square problems is to use the
Levenberg-Marquardt algorithm, which is an iterative process using the theory from the least
square method. [50, 51, 52] This algorithm is used for all fitting of spectroscopy spectra in
this study in the Igor 7 Software. [53]

The relative intensities between binding energies in the spectra can also be used to interpret
a spectra and receive information about a material. A large intensity of a peak means that a
large amount of photoelectrons with that specific binding energy were excited in the sample
and detected by the energy analyzer. The relative intensities between peaks can thus be used
to determine what elements are present and the ratio between them i.e. the concentration.
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3 Experimental

3.1 Instrumentation

The diffusion of lithium in boron-doped diamond was studied using x-ray photoelectron spec-
troscopy (XPS) and scanning electron microscopy (SEM). The behavior of lithium evapo-
rated onto thin diamond films was studied over time using spectroscopy at the synchrotron
BESSY II in Berlin, Germany. The experiments were conducted at the LowDose PES PM-4
end station equipped with an angle resolved time-of-flight (ArTOF) spectrometer (Scienta
ArTOF-2). A hemispherical electron energy analyzer (Scienta SES100) is connected to the
spectrometer to study angular dependence of emitted electrons. The two mentioned spec-
trometers were developed and produced by Scienta AB in Uppsala together with the De-
partment of Physics at Uppsala University. [54] The photon energy used for measurements
lies in the region of 120-600 eV. This results in a surface sensitive analysis.

Scanning Electron Microscopy (SEM) was used to further investigate the diamond surface
before and after evaporation of lithium. These measurements were conducted at Uppsala
University using the Zeiss 1530 and Zeiss 1550 electron microscopes, which are equipped with
a Field Emission Gun (FEG) and reach a resolution of 1-3 nm. An acceleration voltage of
2-3 keV was used during analysis and the InLens detector and Secondary Electron detector
(SE2) was used to image the BDD electrodes. The samples analysed with SEM were de-
posited with lithium at Uppsala University using a similar XPS setup to that used at BESSY
II in Berlin. A vacuum system with a Saes lithium dispenser was used and conditions were
kept identical to previous evaporation trials performed at BESSY.

3.2 Sample preparation

Samples of BDD electrodes from NeoCoat were used for all measurements with XPS and
SEM. The electrodes consist of a 1 mm thick silicon (Si) substrate with a 6-7 µm thick BDD
coating fabricated by hot filament CVD. Boron doping levels of the samples are defined as the
B/C ratio which in this case is 10,000 ppm. The geometry of each electrode is 7x7 mm and
a sample attached to a sample plate used for spectroscopy studies are showed below (figure
6). The electrodes were cleaned using sputtering prior to deposition inside the preparation
chamber attached to the spectrometer. Argon was sputtered at a pressure of 4e-6 mbar, a
voltage of 500 V and a current of 5 mA onto the samples for 10-20 minutes. Levels of oxygen
were measured with XPS before and after sputtering to ensure a clean, non-oxidized surface.
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Figure 6: BDD electrode from NeoCoat attached to a sample plate used for spectroscopy
studies.

For deposition of lithium, an Alkali Metal Dispenser from Saes was attached to a feed-
through connected to a power supply. This arrangement allows for evaporation inside the
deposition chamber which is connected to the spectrometer. The evaporation is performed
using resistive heating from the power supply. The metal dispenser will open when heated,
releasing a lithium salt (Li2CrO4) to evaporate onto the sample. A zirconium-aluminum
reducing agent in the lithium salt enables minimal residual gases, which are formed during
evaporation. The lithium was evaporated using a current of 7.41 A and the pressure was
kept at a maximum of 6.6 · 10−9 mbar. The deposition time varied between 1, 5 and 15
minutes. After deposition the sample was transported in vacuum to the main experimental
chamber which took approximately 90 seconds. This means that measurements started 90
seconds after the deposition ended.
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Figure 7: Deposition of lithium onto a BDD sample.

To compare the chemical interactions with lithium, the same deposition was performed on
gold (Au) samples. The lithium is expected not to react with the gold surface and this can
be used to differentiate between behavior of deposited lithium.

3.3 Measurements

Using the ArTOF spectrometer at the PM4 end-station at BESSY II, core level electrons
were studied over time after Li deposition. The XPS measurements were performed on sam-
ples with different amounts of lithium on the BDD electrode as the time of deposition varied.
The photon energy was calibrated on gold (Au) and copper (Cu) reference samples using the
Au 4f peak (84.0 eV) and Cu Fermi edge (0 eV). This was performed each time the photon
energy was changed.

The data obtained from ArTOF studies at BESSY II in Berlin was analysed with the soft-
ware Igor Pro by Wavemetrics. Each spectrum was fitted with one or several Voigt functions
which is a convolution of a Lorentzian and Gaussian distribution. The curve fitting feature
in Igor performs an iterative fitting process that uses the Levenberg-Marquardt algorithm.
[53] The background was fitted with a Shirley function and binding energies showing a large
intensity were associated to standard values in the Handbook of X-ray Photoelectron Spec-
troscopy. [55] When comparing two or more spectra, the intensity was normalized to the
background. This means that the background value was set to 1 for all spectra in the same
graph.
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4 Results and discussion

4.1 Sample preparation

The BDD electrodes (manufactured by NeoCoat) were sputtered with argon for 20 minutes
before lithium deposition. The oxygen and carbon levels were measured with XPS before
and after sputtering (see figures 8a and 8b). This was done to determine the duration of the
sputter process sufficient to achieve a clean BDD surface. The relative intensities between
the peak components in the C 1s spectrum can be used to analyse the amount of surface
contamination. The relative intensity between the sp3 carbon peak (C-C in figure 8a) and
the single- and double-bonded oxygen (C-O/C=O) peaks differs before and after sputtering.
The sp3 peak component has a relatively larger intensity after sputtering than before. At
the same time, the oxygen peaks have significantly lower intensity compared to the sp3 peak
after sputtering. This implicates that the sample has less surface contamination after sput-
tering.

(a) C 1s spectrum. (b) O 1s spectrum.

Figure 8: XPS spectrum of C 1s and O 1s measured on BDD electrodes before and after
sputtering.

The oxygen spectrum (8b) shows a significantly lower intensity for the O 1s peak after sput-
tering; illustrating that after 20 minutes of sputtering, most of the oxygen contamination is
removed from the surface. The two spectra are normalized to the backgrounds which makes
it possible to compare peak intensities and describe the concentration of oxygen the surface.
Consequently, the oxygen concentration is significantly lower after 20 min sputtering. This
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sputter cleaning process was performed on all BDD samples before lithium deposition.

A shift in binding energy can be observed for the sp3 carbon peak before and after sput-
tering (figure 8a). This shift is most likely due to electrostatic effects and not a chemical
shift. Electrostatic effects influence the binding energies in a spectrum due to a potential
between species (e.g. the sample and adsorbed gas on the surface). [56] When sputtering
the BDD surface, no chemical alterations should occur that would lead to a chemical shift
in binding energy. Thus, the energy shift is most likely due to electrostatic effects when gas
contamination is removed from the surface. When sputtering with argon, new defects are
introduced in the BDD surface which could contribute to these effects further. It should also
be mentioned that the two C 1s spectra are acquired on two different samples, at different
times. This means that small changes in binding energy could be due to the difference in
defects in the sample.

SEM images of an untreated BDD electrode show the surface structure of the CVD dia-
mond thin-film (figure 9). The images show a crystalline surface with features and grain
sizes in the sub-micrometer to micrometer range.

Figure 9: SEM images of an untreated BDD sample using: (a) the secondary electron
detector (SE2) and (b) the InLens detector
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4.2 Lithium deposition

Lithium was deposited for 15 min on a BDD sample. An XPS pectra of the Li 1s peak was
thereafter acquired over time. This is presented as a spectrum evolution (2D map) where
each row consists of a spectrum. The measurement started approximately 90 seconds after
the deposition was finished as the sample is transported from the deposition chamber to
the main experimental chamber. When referring to measurements performed directly after
deposition, this is approximately 90 seconds after the lithium deposition ends.

The Li 1s peak experiences a shift in energy after close to 4 hours which can be seen in
figure 10a. This indicated that an interaction between lithium and the BDD thin film oc-
curs.

(a) Li 1s 2D map on BDD. (b) Li 1s 2D map on Au.

Figure 10: Li 1s spectrum evolution after 15 minutes deposition of Li on BDD and Au
samples.

The same measurement was performed on a gold (Au) sample with the same amount of
deposited Li. Comparing the 2D maps of the Li 1s spectrum on BDD and on Au shows a
distinct difference in behavior of the spectrum over time. The shift in energy observed from
the BDD measurement is not present when measuring on Au. The intensity varies for the
Li 1s peak over time on Au (figure 10b) as well as the width of the peak, but the position
in energy stays consistent over time. The difference between the BDD and Au maps show
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that there is a chemical interaction between the deposited lithium and the BDD surface.

4.3 Energy shifts

To investigate the interaction between lithium and the BDD thin film further, the involved
elements (Li and C) were studied over time. Measurements of the Li 1s peak and the valence
band were performed on BDD after 5 min deposition of lithium. Figure 11a shows a 2D map
of lithium and a shift in energy is observed. A comparison of the lithium spectra directly
after deposition and 3h after deposition is shown in figure 11b. This spectrum shows the
sum of the first 5 spectra and the sum of the last 5 spectra in the spectrum evolution. This
can be seen as sums of the first 5 rows and the last 5 rows in the 2D map. Thus, these
spectra show the Li 1s to valence spectrum before and after the energy shift.

The spectra show a shift in the Li 1s peak but not a noticeable shift in the Fermi level
(Eb = 0). This indicates that the shift in the Li 1s peak is due to a chemical shift as only
the electrons in the Li 1s orbital experiences a difference in binding energy.

(a) Li 1s to valence 2D map on BDD. (b) Li 1s to valence spectrum on BDD.

Figure 11: XPS spectrum on BDD after 5 min deposition of Li.

The binding energies for the Li 1s electrons shift over time after deposition due to a chemical
interaction with the BDD surface. A spectrum evolution (2D map) was acquired for the Li
1s peak for 2 hours where a shift is observed in the beginning of the evolution. In the same
way as for the Li 1s to valence-spectrum (11b), a sum of 5 spectra directly after deposition
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and 2 hours after was extracted from the 2D map. Fitting the lithium spectrum shows that
the Li 1s peak consists of two components, one representing a lithium-lithium bond (Li-Li)
and one representing lithium bonded to another element (Li-X). In this case lithium is most
likely bonded to the carbon in BDD or residual oxygen on the surface.

(a) Li 1s before and after deposition.
(b) Li 1s 2D map on BDD.

Figure 12: XPS spectrum on BDD after 5 min deposition of Li.

The ratio between the two lithium peak components (Li-Li and Li-X) is different directly
after deposition versus 2 hours after deposition. The Li-X/Li-Li ratio is 1.91 directly after
deposition and 2.43 after 2 hours. This indicates that more lithium-carbon contact is created
over time – we suggest that this is due to surface diffusion of lithium onto the BDD surface.
The positions of the two peak components shift over time as well. The Li 1s spectrum moves
approximately 1 eV towards lower binding energy, most likely due to an increased contact
between overlayer and substrate.
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(a) C 1s before and after deposition. (b) C 1s 2D map on BDD.

Figure 13: XPS spectrum on BDD after 5 min deposition of C 1s.

The binding energy was measured for the C 1s spectrum for 11 hours after deposition ended.
The first 5 spectra and the last 5 spectra is presented if figure 13a and the ratio between the
peak components is different directly after deposition versus 11 hours after. The C-Li/C-C
ratio is 0.22 directly after deposition and 0.74 after 11 hours. The C-Li component in the
C 1s also moves 1 eV toward lower binding energies, whereas the C-C bulk component has
constant binding energy. This suggests that the potential difference between the overlayer
and the bulk diminishes with time.

4.4 Comparison of lithium deposition duration

To investigate further, the Li 1s peak can be observed before and after different duration
of lithium deposition (figure 14). The two components of the lithium peak can be divided
into a lithium (Li-Li) bond and lithium atoms bonded to other elements (X), most likely
carbon or oxygen. The ratio between metallic lithium (Li-Li) and lithium in a different
chemical environment is different for the 5 minutes deposition and 15 minutes deposition.
The Li-X/Li-Li ratio for the 5 min spectrum is 1.92 and for the 15 min spectrum it is 1.07.
The lithium bond component of the peak is therefore larger when more lithium is evaporated
onto the BDD. This supports the theory of lithium clusters, when increasing the amount
of lithium, increase in size. The spectrum shown in figure 14 are extracted from spectrum
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evolutions (2D maps) at the end of the measurements, that is, after the chemical interaction
has occurred.

Figure 14: Li 1s spectra on BDD samples before deposition and after 5 and 15 min
deposition of Li.

Similar to the Li 1s spectrum, there is an energy shift in the C 1s spectrum after deposition.
In figure 15 the C 1s peak is shown before deposition, after a 5 min deposition and after a 15
min deposition. The measured shift in binding energy of the carbon peak can be explained
by intensity variations of the peak components in each spectrum. Before deposition, the
carbon sp3 peak (C-C) is dominant and after the deposition the lithium peak (C-Li) has a
larger intensity. This lithium peak shows that the energy shift is partly due to a chemical
interaction between C and Li atoms. It also supports the theory of lithium forming clusters
as well as a thin film of lithium covering the BDD surface. The C-C intensity decreases
significantly after deposition, which is interpreted as lithium covering the carbon atoms.
The ratio between the sp3- and lithium-peak varies for the 5 min versus 15 min deposition.
In the 5 min spectrum this ratio (C-Li/C-C) is 4.53 and for the 15 min spectrum it is 3.34.
The binding energy of the C-C component is constant before and after deposition. In the
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same way as in figure 14, the C 1s spectra are obtained hours after the deposition ended.
Thus, the initial chemical interaction has occurred.

Figure 15: C 1s spectrum on BDD samples before deposition and after 5 and 15 min
deposition of Li.

A summary table (table 1) shows the intensity ratios between peak components in the C 1s
and Li 1s spectra.

Table 1: Summary of intensity ratios in the C 1s and Li 1s spectra

Intensity ratio (C-Li/C-C) Intensity ratio (Li-X/Li-Li)
5 min deposition 4.53 1.92
15 min deposition 3.34 1.07

Scanning Electron Microscopy (SEM) was used to investigate the behavior of the deposited
lithium and what type of growth mode the deposition follows. The deposited lithium forms
small clusters on the BDD surface, showing a so called Volmer-Weber or island growth.
The size of the clusters are in the nanometer range. This may be compared to the case of
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sodium (Na) deposition, where the deposition is carried out in a analogous fashion. Another
behaviour may be observed looking more like a motif with layers having islands on top, e.g.
Stranski-Krastanov growth (figure 18).

Figure 16: SEM images of BDD samples (a) before deposition, (b) after 5 min deposition
and (c) after 15 min deposition.

The island growth suggests that the interaction between lithium and lithium is favored as
well as interaction between lithium and BDD. For both the 5 min deposition and 15 min
deposition, the same behavior is exhibited.

Figure 17: SEM images of BDD samples (a) before deposition, (b) after 5 min deposition
and (c) after 15 min deposition.

Studying the deposition behaviour of another alkali metal (Na), which has a higher deposition
rate can give insights in how alkali metals interact with the BDD surface. After a 5 min
deposition, sodium forms layers and clusters, following the Stranski-Krastanov growth mode.
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Figure 18: SEM image of BDD sample after 5 min deposition of sodium (Na).
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4.5 Comparison with graphite experiments

The intensity of the Li 1s and C 1s peaks over time is plotted for the BDD sample in com-
parison to previous studies made on sputtered Highly Oriented Pyrolytic Graphite (HOPG).
The deposition duration of lithium is 5 minutes for the BDD and HOPG samples.

(a) Li 1s and C1s intensities on BDD (b) Li 1s and C 1s intensities on HOPG

Figure 19: Time evolution of the intensity of Li 1s and the C 1s peak components. The
integral Li 1s intensity and the C-C peak area have been set to unity. The C-Li

component’s area is relative to that of the C-C. Each intensity point is from a photoelectron
spectrum integrated for 2.5 min.

The integral Li 1s peak measured over time on the BDD after deposition shows an increase
in intensity which suggests that the amount of lithium on the surface is not decreasing. The
C-C component of the C 1s peak decreases in intensity over time after deposition which also
suggests that the amount of lithium on the surface is not decreasing. If there would be less
lithium on the surface over time, this would imply that there is a significant diffusion into the
BDD bulk. The performed spectroscopic studies are surface sensitive, meaning that only the
top layers of the BDD surface and the deposited lithium are studied. If a part of the lithium
would diffuse into the BDD, the intensity of the Li 1s should decrease when studying the top
layers of the BDD. The increase in lithium intensity can, as mentioned earlier, originate from
surface diffusion of lithium, increasing the thickness of the lithium thin film on the surface.
Thus, diffusion at the interface between BDD and lithium is observed and a significant bulk
diffusion can not be observed from the measurements.
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Similar behaviors are observed for C 1s and Li 1s on sputtered HOPG which is expected to
be a good diffusion host for lithium. The C-C and C-Li components maintain a decrease in
intensity over time.

4.6 Diffusion theory

Spectroscopic data is used to analyze the initial stages of surface interaction between lithium
and the BDD thin films. Thereafter, the possible developments of surface diffusion are
discussed from obtained results from XPS and SEM.

Figure 20: Sketch of initial state after deposition with the cluster radius R, cluster
separation ∆ and lithium film thickness d. Below initial state, a proposed surface diffusion

evolution is shown.

From the spectroscopic data and SEM images, island growth type formation as well as a
thin film of lithium covering the surface is inferred. XPS spectra show that a thin film with
thickness d is in the order of one monolayer to a few monolayers. The mean-free-path (MFP)
in metallic lithium and diamond for different kinetic energies of electrons are calculated. The
TPP-2M model [57] is used to evaluate the information depth in spectroscopic measurements.
The calculated MFP (λ) in lithium is λ(Ekin = 50 eV ) = 3.99 and λ(Ekin = 70 eV ) = 4.88Å.
The distance (dLi) between two lithium atoms in metallic lithium is 3.51 Å, relating to the
monolayer on the BDD surface. A rule of thumb in XPS is that 95% of obtained information
originates from the depth of 3λ. For the metallic lithium, this means that the information
depth is 3λ ≈ 3dLi ≈ 12 Å. Thus, the information depth in lithium is approximately 3
monolayers or 12 Å. Moreover, lithium is present in the form of clusters as well as a thin
film. Binding energies of electrons in carbon are detected which means that the lithium film
between clusters is less than 4 monolayers.
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The corresponding mean free paths are 7.7 Å for Ekin=50 eV and 8.1 Å for Ekin=70 eV
in diamond and the distance (dC) between two carbon atoms in diamond is 1.54 Å. The
same calculations for diamond result in an information depth of 3λ ≈ 15 dC ≈ 22 Å. [30]

SEM images show clusters in the order of nanometers (R) and a distance (∆) between
clusters in the range of hundred’s of nm. The initial stages of surface interaction include
formation of lithium clusters and this theory is supported by XPS and SEM results. A pro-
posed evolution of surface diffusion could result in the clusters distributing over the surface,
forming a thicker film of a few monolayers of lithium. Bulk diffusion is not excluded, however
there is no proof of this from the results in the current study. Figure 19a shows that the
carbon intensity stabilises over time in contrast to the carbon intensity on HOPG. This, we
interpret as the observed diffusion occurring on the surface of BDD with an insignificant bulk
diffusion component, i.e. the diffusion dynamics are dominated by the much faster process.
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5 Conclusions and outlook

In this work, the diffusion of lithium in boron-doped diamond (BDD) thin films were stud-
ied to discuss possibilities for BDD as an electrode in a lithium ion battery (LIB). X-ray
Photoelectron Spectroscopy (XPS) and Scanning Electron Microscopy (SEM) was used to
study the chemical interactions between the two materials and possible diffusion of lithium.
Following the course of interaction between deposited lithium and BDD over time with XPS
means that both chemical aspects and diffusion can be observed. XPS studies showed that
when evaporating Li onto a sample of BDD, a chemical interaction occurs and lithium atoms
reacts with carbon atoms.

SEM studies of BDD before and after lithium deposition showed that lithium forms clusters
or islands of metallic lithium (Li2). This suggests that lithium is favoring its metallic form
as well as forming a compound with carbon atoms. The XPS results supports the theory
of clusters forming together with a monolayer of lithium as the carbon intensity decreased
significantly after deposition.

XPS studies concludes that lithium reacts with the BDD thin film at the interface as a
lithium-carbon bond is observed. To be a good electrode for a lithium ion battery, it also
needs to be a good diffusion host for lithium atoms. The relative intensities of Li 1s and
C 1s peaks suggests that lithium does not diffuse in a larger scale into BDD. The con-
centration of lithium increases over time which does not indicate that it diffuses into the
material. However, results indicates a surface diffusion of lithium and does not exclude bulk
diffusion although it was not observed from measurements. The spectroscopic studies were
performed using a surface sensitive method which means that if lithium diffused in a larger
scale into the bulk, the lithium concentration in the measured surface should decrease with
time. It is more likely that the lithium diffuses on the surface, forming a thin film of a few
monolayers between the clusters, as the lithium intensity increased over time after deposition.

The main topic of this thesis is to study the behavior of deposited lithium on BDD. This
system represents a part of the lithium ion battery where the BDD acts as the anode and
lithium atoms as the diffusion species. The diffusion and intercalation of Li ions are a cen-
tral part of battery research. This study gives insights in the initial interaction between
lithium and BDD at the interface. Additional diffusion studies on this system could include
studying the diffusion rate in the bulk of the BDD to add further insights in the diffusion
mechanisms. This could be done using a material analysis method which is less surface
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sensitive, e.g. HAXPES, to examine bulk diffusion. Additional studies could also include
measuring the interaction over a longer period of time after the lithium deposition.
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