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1 introduction

The human population on earth is growing and the energy needs of its inhabitants grows
alongside it. Additionally, climate change exacerbates the need for renewable sources of en-
ergy that have a low or nonexistent carbon footprint. As economies are adapting to the crisis
at hand, a lot of progress can be made by shifting from fossil fuels to renewable electricity
sources. The latter are often intermittent. Therefore, electricity storage, for example in bat-
teries, can make electricity always available, also in the absence of sunlight or wind. One
appealing solution is storing the electric energy into chemical bonds, in so creating a fuel. A
number of these types of application are being developed. The most promising are, the con-
version of CO2 into methane or methanol and water reduction into hydrogen gas. For the
latter, a semiconductor compound under an applied potential, creates oxygen at one side of
the electrode and hydrogen at the counter electrode. The extracted gasses can be converted
back to electricity on-demand or serve as building blocks for the production of synthetic fu-
els, in combination with CO, achieved via CO2 reduction, also driven by electricity [1]. Wa-
ter reduction into hydrogen and oxygen is also referred to as water splitting and represents
the background of this thesis research.

For the current water splitting processes employed in the industry the main obstacle re-
mains the low energy efficiency. This is particularly the case due to a kinetic bottleneck in
the water splitting reactions with a high activation energy [2][3][4]. As such high overpoten-
tials are required for the oxygen evolution reaction (OER) [1][5]. From a chemical viewpoint
the OER can be described by the following process [5][6][7]:

2H2O→ 4H+ +O2 + 4e
−.

The OER consists of four proton-coupled electron-transfer (PCET) reactions [7]. Particularly
the formation of two O−O bonds within OER active sites is found to be sluggish due to a
high energy barrier [7][8][9]. A number of precious metal oxides such as RuO2 and Ir2, can
efficiently catalyse water oxidation [5][10]. Here only the cost of the noble metals is an ob-
stacle for large-scale applications [8][11]. Developments of novel catalysts based on earth-
abundant elements is therefore most desired. In recent decades many advancements have
been made towards synthesis of cost-effective electrocatalysts using cheaper transition met-
als [10]. Among these several cobalt based materials have shown to exhibit a suitable bal-
ance between reactivity, structural integrity and stability within the strong oxidative chem-
ical environment of the OER [5][12][13]. Examples of this are materials such as crystalline
oxides (Co2O3, Co3O4, CoOOH), perovskites, cobalt borate & amorphous cobalt phosphate
(CoPi) [1][5][11][14][15]. These cobalt based materials are widely studied for their interest-
ing optical, electronic, magnetic and chemical properties. The materials therefore appear in
applications for catalysis and solar energy [16].

For the particular reactions of the OER the cobalt centres determine which pathways are
possible and what intermediates can adsorp with it. The Figure 1.1 shows the PCET reaction
mechanism proposed in [7] for Co3O4. Here two intermediates are identified that originate
from distinct surface sites. Figure 1.1a shows the fast surface sites, where Co(III)OO super-
oxide intermediate forms before oxygen evolution. Conversely a more exotic pathway is
shown in Figure 1.1b that involves slow surface sites, where Co(IV)=O forms in the absence
of an adjacent Co(III)-OH group.
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Figure 1.1: Water oxidation catalytic mechanism by Co3O4 surface sites. Image taken from [7]. a):
fast surface sites showing a complete OER pathway. b): slow surface sites showing a vari-
ation in the initial PCET reactions of the OER.

Research on transition-metal phosphates shows remarkable structural stability, particularly
within oxidative environments over nonoxides [8]. The diverse orientations of the phosphate
groups make these transition-metal compounds interesting for research on more active OER
catalysts, as particular versatile crystal structures can form within its microstructure [8]. A
successful example of this are the CoPi-based electrocatalyst, as these are produced from
earth-abundant sources [11][17]. Additionally research in recent years has found CoPi to
exhibit good performance toward OER in both neutral and high pH [1][11][15] while also
showing low onset potentials and remarkable stability [8][11].

Research on CoPi electrocatalysts pertains mainly to its electrodeposited form, giving vary-
ing crystallinity and microstructures depending on its conditions for growth [8][9][14][18][19][20].
This variant of CoPi has shown an ability to promote the OER at neutral pH with low elec-
trochemical overpotentials, while also exhibiting good structural resistance and self-repairing
capability [5][11][17]. Further development and design of CoPi has been done using atomic
layer deposition (ALD), a method for growing thin films via cyclic & sequential vapour-
phase reactants (see also Appendix A.1). ALD is a promising technology for deposition and
engineering of thin films for many applications in energy research, either solar & fuel cell
technologies, solid-state batteries and water splitting devices [15]. Furthermore ALD prepa-
ration of thin films can be performed with excellent control of the thickness and stoichiome-
try [15][21][22].

Recent work in the PMP group on ALD CoPi [15] has researched certain aspects of its ALD
recipe and by-products, showing that the process exhibits linear growth & no nucleation
delay with a growth per cycle of 1.12 ± 0.05 Å for depositions at 300◦C. Additionally it is
found that CoPi contains mostly cobalt centres in the 2+ oxidation state with an overall
amorphous structure [1][10][15]. Work in [1] investigated the chemical characteristic of ALD
CoPi, in particular before and after the thin films undergo cyclic voltammetry (CV) measure-
ments. Here it is found that the CoPi is activated, whereby repeated CV cycles gradually
increase the current density. Furthermore the CoPi thin film undergoes changes of is ele-
mental composition, losing phosphate units out of the material, while changes of the Co ox-
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idation state from 2+ to 3+ are seen. Some of these findings are summarized in Figure 1.2.
Alterations of the ALD recipe have produced CoPi films of higher cobalt content that are
also investigated upon activation [1]. Here it is found that during CV measurements these
films delaminate from its substrate, causing a rapid loss of catalytic performance. Addition-
ally it is found that the increased current density during CV can be well explained by an
increase in the electrochemically active surface area (ECSA), also shown in Figure 1.2. How-
ever many questions still remain about the activation process, particularly what microstruc-
tural aspects are determining for the (activating) catalytic behaviour and delamination ob-
served.

Figure 1.2: Shown on the left are CV measurements on a pristine CoPi thin film at pH = 8.0, indi-
cated are the stoichiometry before and after activation here. Shown on the right is a plot
of the catalytic performance at 1.8 V as a function of the electrochemically active surface
area (ECSA). Image taken from [1]

A challenge for gaining deeper insight into mechanisms for CoPi thin-film electrocatalytic
OER function lies in resolving the interplay between intrinsic catalytic activity of the OER
sites and the electronic structure and charge transport properties of the film [14][19]. Addi-
tionally it is found the phosphates in CoPi can be involved in the PCET steps of the OER
material, hereby serving as a proton acceptors [11][12][13]. This can can accelerate the mo-
tion of H+ in the material, preserving a more favourable and stable local pH environment
[13]. For a transition metal oxide such as amorphous ALD CoPi the electron-proton con-
ductivity confers to a volume rather than a surface area dependent activity. This can be ex-
plained by homogeneously distributed and accessible catalytic sites throughout the film [9].
Research in [1] has found that a considerable (∼ 22%) part of the Co atoms are accessible to
the electrolyte and catalytically active. As such the electrocatalysis of CoPi pertains to bulk
properties of the film, opposite to just being linked with the semiconductor electrolyte inter-
face. Further understanding of the OER therefore requires the structural basis for both catal-
ysis and electron-proton conductivity to be addressed [14][11][19]. The particular local struc-
ture of Co sites in CoPi are reported to be crucial factors for both the stability and activity
of the OER active sites [8][23][24]. Additional aspects of the CoPi microstructure such as the
manner of incorporation and orientation of phosphate units are found to have a stabilizing
effect on intermediate transition metal centres during OER catalysis [8][25][26]. The phos-
phate units in CoPi are therefore considered to be the main drivers of its nano-structural or-
dering during deposition and activation. Various aspects of the structure of CoPi can there-
fore be important to investigate. Firstly the re-arrangement of the pore networks, from phos-
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phorus leeching as contact with the electrolyte is made. Secondly the interplay of catalytic
behaviour with the CoPi microstructure before and after activation.

1.1 Goals of this thesis

In order to describe the characteristics of CoPi upon its activation further development of
experimental techniques is needed. Particularly, the characterization methods need to be
employed on CoPi in a non-destructive manner that can also probe for very thin materi-
als (< 100 nm). The main experimental techniques of focus here are Raman and infrared
(IR) spectroscopy. Additionally certain restraints are set to the types of substrates that can
be used, as these need to be conductive for any kind of post-OER analysis to occur. The re-
search question of this thesis can therefore be described as follows:

Is vibrational spectroscopy (Raman & IR) a valid method to gain insights into the
microstructure of amorphous ALD CoPi?

To answer this question, several steps are undertaken:

• The principles behind Raman and IR spectroscopies are reviewed, covering also lattice
symmetries and selection rules of relevance for CoOx (as building block of CoPi) and
CoPi.

• A method for the background subtraction in Raman spectra is developed with the pur-
pose of carrying out an accurate analysis of the vibrational modes of weakly absorbing
amorphous ALD CoPi films. A comparison with other deposition methods of CoPi is
also included in the discussion.

• The deconvolution of Raman absorption bands to gain insights into the phonon modes
of CoPi and to draw conclusions, with the support of IR spectroscopy, on the microstruc-
ture, i.e. the arrangement of CoOx clusters with respect to POx units, of amorphous
CoPi.

The Chapter 2 gives a theoretical framework for the vibrational spectroscopic methods em-
ployed in this thesis. The aim here is to give all the necessary insights and descriptions needed
for a better understanding of the ways to characterize the CoPi microstructure. Information
and details on the general experimental setup and data acquisition methods employed in
this thesis can be found in Chapter 3.

The ALD preparation of CoPi can produce layers of cobalt oxide mixed with orthophos-
phate units [1]. It shows varied spectroscopic and electrochemical qualities depending on
the ratios within its ALD recipes (detailed in Figure 3.2). In particular these are the ratio
between the precursor dosing cycles of the two ALD half steps (more details in Figures A.1
and 3.2). In so various amorphous ALD CoPi samples are deposited with varying stoichiome-
tries and microstructures for the experimental investigations.

In Chapter 4 details are given on the preparation conditions of the various amorphous CoPi
thin films under investigation. Here spectroscopic methods are also employed to determine
optical characteristics and the stoichiometry. These results are used to ascertain how closely
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earlier amorphous ALD CoPi samples could be reproduced. Additionally the surface mor-
phology of CoPi and its substrate is investigated. This information is however missing some
of the microstructural aspects of CoPi. Investigations on CoPi from a vibrational spectro-
scopic perspective is therefore described separately in Chapter 6. Here also insight is given
on a number of aspects of the structure of CoPi and its corresponding Raman & IR response,
hereby investigating the corresponding phonon mode characteristics. Here it is found that
one of the components in CoPi exhibits the spectroscopic and vibrational characteristics
of cobalt oxide (Co3O4). Additionally in order to obtain accurate and precise Raman data
a background subtraction method is developed which is described in Chapter 5. Lastly in
Chapter 7 the key findings of the thesis are discussed while also putting them into the per-
spective of the research question with its sub-goals.
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2 theory

Section 2.1 gives a basic description of the principles behind Raman scattering and infrared
absorption. Section 2.2 gives a mathematical description of the scattering processes result-
ing from the interaction of light with matter. Additionally section 2.3 describes the Raman
and infrared selection rules while section 2.4 explores the physical meaning behind the area
under the Raman peaks. In Chapter 6 it is found that CoPi exhibits the vibrational character-
istics of Co3O4. Therefore a deeper symmetry analysis of the spinel structure of cobalt oxide
is given in section 2.5. Here insights are given on the application of Raman and infrared se-
lection rules and its phonon mode characteristics.

2.1 Raman & infrared spectroscopy

Raman spectroscopy is a widely used vibrational technique for probing inorganic and or-
ganic materials for their scattering interactions at the atomic scale. Typically a monochro-
matic laser combined with a microscope can probe the surface with a spatial resolution of
∼ 1 µm. This is called Raman microscopy which is applied throughout this thesis work. An-
other vibrational technique that is employed in this work is IR spectroscopy. Here the mate-
rial is irradiated with infrared light, causing its molecules to absorb photons under certain
conditions. The vibrational energy difference here needs to coincide with that of the photon
for absorption to occur. In this manner the IR-spectrum describes the vibrational spectrum
of the molecules. Although the two methods are similar in operating principle and the in-
formation they provide, the selection rules for Raman and IR spectroscopy are different as is
explored in section 2.3. The techniques therefore probe different vibrational modes, making
them complementary tools for studying molecules and materials.

The principles of Raman and IR spectroscopy stem from the interaction of light with mat-
ter. Typically a photon of light interacts with a molecule, where it can either be absorbed or
scattered. For the case of Rayleigh scattering the photon is absorbed by the molecule and
subsequently emitted at the same energy. Another possibility is the case of Stokes scatter-
ing which involves photon energy loss towards a phonon mode [27]. The inverse of this
process is called anti-Stokes scattering for which the emitted photon gains energy due to
the vibrational mode of the atomic clusters (phonon annihilation). This type of scattering is
however weak and is typically not of interest in literature. As such anti-Stokes scattering is
not investigated nor explored in this work. The aforementioned energy gain/loss causes a
frequency shift relative to the laser which is called the Raman shift. The Raman spectrum
contains the signal of interest and in this thesis it is defined as the intensity versus Raman
shift in wavenumbers (cm−1). Similarly for IR absorption the absorbance is plotted versus
the spatial frequency of the absorbed photons, again in wavenumbers (cm−1), defining the
IR-spectrum.

CoPi and Co3O4 exhibit Raman & IR phonon responses at a wavenumber range of 100 −
1200 cm−1. The position, full width half maximum and area of the peaks in the Raman &
IR spectra are determined by the material properties. In particular the nanoscale environ-
ment at the scattering or absorption event of the photon defines the peak characteristics.
This makes Raman and IR spectroscopy suitable for characterising metal oxide catalysts and
their metallic oxidation state. Additionally for the thin films that are investigated, the par-
ticular Raman vibrational modes can give information about the stoichiometry [28]. Deeper
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exploration of the characteristics of Raman scattering and infrared absorption as it pertains
to CoPi is given in Chapter 6.

2.2 Scattering theory

In order to describe the principles of Raman spectroscopy, a detailed theory is needed of
the interaction of light with matter. The descriptions here are given within a classical frame-
work for light and molecules. For a material at an atomic scale different accessible states
are present, either ground or excited. Particular energy gaps between these states determine
what scattering processes are possible. If the energy gap matches that of the photon Fermi’s
golden rule applies and it can be absorbed. A less straightforward route for the photon is
a scattering event. The electromagnetic disturbance that is a photon can polarize the elec-
tron clouds of nearby molecules. On a quantum mechanical level a virtual state is created
at higher energy [29]. Subsequent collapse of this unstable configuration results in the pho-
ton being radiated out. During this event energy can but does not have to be transferred
between a vibrational state and the photon. This encompasses all scattering processes. The
most likely pathway here is Rayleigh scattering for which the photon is re-emitted at the
same energy. For a more complex pathway the photon can end up having more or less en-
ergy afterwards, respectively called Anti-Stokes or Stokes scattering. Some of these events
are depicted in Figure 2.1.

Figure 2.1: Jablonski diagram depicting various molecular transitions. Here with S0 and S1 respec-
tively the ground and first excited electronic states. Pathways are shown for photons dur-
ing emission, absorption and scattering events. Image taken from [30].

Within a classical framework, a photon can be described by Maxwell’s equations giving rise
to an oscillating electromagnetic field. Here the electric (~E) and magnetic (~B) components
are perpendicular to each other, forming a plane wave. The oscillation here propagates per-
pendicularly to its two components, forming a transverse wave. For an oscillation frequency
of ν0 the magnitude of the electric field at time t for a fixed position can be described as:

E = E0 cos
(
2πν0t

)
,

where E0 is the electric field amplitude with units [V m−1]. Subsequent coupling of this
field with the system can cause an oscillating electric dipole moment ~µ [C m]. Here another
~E-field is induced, which is driven in phase by the oscillating electric field and therefore
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has the same frequency. The coupling strength is described by the electric polarizability
α [C m2 V−1] of the system [29][31]. This then results in the following induced field:

µ = αE = αE0 cos
(
2πν0t

)
. (1)

It is however the case that α is dependent on all relative positions of nuclei and electrons.
Therefore it is expected that changing of an atomic position results in a different electric po-
larizability. For a phonon vibration of wave vector ~k, α can be described by a Taylor series of
normal coordinates qk for nuclear displacements [29][31]:

α = α0+

(
∂α

∂qk

)
0

qk +
1

2

(
∂2α

∂q2k

)
0

qk
2 + ..., (2)

here α0 is the polarizability at equilibrium, so for qk = 0. The series describe α best for
small vibrations. Considering only small displacements, qk can be described as harmonic
oscillations. The normal coordinates then become:

qk = q0k cos
(
2πνkt

)
, (3)

with q0k the amplitude and νk the oscillation frequency for the particular normal mode. By
approximating equation 2 to the first order term and combining it with equations 1 and 3

the electric dipole moment due to nuclear vibrations can be expressed as:

µ = α0E0 cos
(
2πν0t

)
+
1

2

(
∂α

∂qk

)
0

q0kE0

[
cos
(
2π
(
ν0 − νk

)
t
)
+ cos

(
2π
(
ν0 + νk

)
t
)]

. (4)

The three terms in equation 4 show that an electric dipole oscillating at frequency ν0 can
produce photons of either the same or shifted frequency (ν0 ± νk). The first term describes
an elastic scattering of light, maintaining a frequency of ν0. The event is called Rayleigh
scattering in which the system jumps towards the virtual state and back to the initial state
without losing energy. The second and third terms of equation 4 are connected to Stokes
and anti-Stokes scattering respectively. Both can be described as inelastic Raman scattering,
as we have a net energy transfer between the photon and the system.

2.3 Selection rules in Raman scattering & infrared absorption

The bands in the Raman spectrum follow from either molecular vibrations in the case of
molecules or phonons for lattice structures, as is indicated by equation 4. The change in
dipole moment does however not directly result into Raman bands as there are additional
selection rules. During scattering and absorption of a photon conservation of momentum
must hold [32][33]. In so there are limitations set on which phonon wave vectors can un-
dergo Raman scattering. Figure 2.2 shows an incident beam of photons being scattered at
an angle of θ. The propagation vectors of the incident and scattered light are ~kL and ~kS re-
spectively. From this the scattering wave vector can be found as [27][33]:

~k = ~kL − ~kS.

In order to conserve momentum the scattered wave (~k) must coincide with the wave vector
of the phonon (~q) being emitted during the scattering process. Here this simply gives:

~k = ~q.
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Figure 2.2: Inelastic scattering of an incident beam of photons, ~kL. The light is scattered at an angle
θ towards the beam ~kS. Additionally the phonon wave vector ~q is shown.

In this thesis work all experiments are set up so only backward Raman scattering happens,
therefore θ = 180°. Using a visible wavelength for the laser an estimate of the scattering
wave vector comes at 107 m−1. This is a few orders of magnitude smaller than the typical
wave vector of a crystal near the first Brillouin zone, in the order of 1010 m−1 [32][34][33].
Thus for first order Raman scattering described here only excitations at or near the centre
of the Brillouin zone are considered. First order Raman scattering can happen when ~q ∼ 0,
giving transitions around the Γ -point. In a similar manner momentum conservation forces
IR absorption to only probe phonons near the Γ -point as well. Events here necessitate the
lattice phonons to be restricted in momentum space as:

~kS = ~kL ± ~q,

giving the fundamental selection rule of first order Raman scattering. For higher order scat-
tering processes the selection rules are relaxed. As these interactions happen with multiple
phonons being excited simultaneously [32] there are more configurations possible where
momentum can be conserved.

Looking at equation 4 the first order selection rule would imply the last two terms to be
non-zero, giving the condition [29]: (

∂α

∂qk

)
0

6= 0. (5)

Therefore modes that are Raman active must involve a vibration ~k along a direction where
it can induce a change in the system’s polarizability. Here it is expected that more intense
Raman scattering occurs for symmetric vibrations, as these involve large changes in polariz-
ability compared to asymmetric vibrations. For infrared absorption however only a change
in dipole moment is required by its selection rules, which is typically from asymmetric vi-
brations. Additionally mutual exclusion is required for centrosymmetric systems, implying
that Raman active modes are not IR-active and vice versa [29]. For the case of crystalline
Co3O4 a spinel structure is adopted which is centrosymmetric. It is therefore expected that
mutual exclusion holds here, making Raman and IR spectroscopy complementary methods
for normal mode investigation (more on this in sections 6.2 & 6.4).

For non-isotropic media the response to the field of the photon can vary on the polarization
direction. This is because it is possible for an applied electric field in one direction to induce
a dipole moment in a different one. The equation 1 can be expanded by considering the po-
larizability as a second rank tensor [33][35]. In three dimensions resulting in:
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µxµy
µz

 =

αxx αxy αxz
αyx αyy αyz
αzx αzy αzz

ExEy
Ez

 .

Here the first and second subscripts in α correspond to the direction of polarization of the
system and incident light respectively. Expanding on equation 5 then gives the general con-
dition: (

∂αij

∂qk

)
0

=

(
∂αji

∂qk

)
0

6= 0. (6)

The Raman selection rules above imply that a vibration ~k causing any change in any direc-
tion of the polarizability tensor is Raman active. Additionally the equation shows that the
laser polarization can be a determining factor for the Raman activity. Here the laser and sys-
tem’s polarization directions must coincide in such a way that they produce non-zero terms
for αij that also adhere to equation 6. This is however only important for the fundamental
interactions at the atomic scale. Particularly for amorphous materials with randomly ori-
ented bond vectors the matching of the polarization direction is bound to happen. As un-
polarized laser light is used for the experiments, it is expected that the Raman response of
amorphous CoPi gives consistent vibrational information about the material (more on the
structural aspects of CoPi given in section 6.4).

2.4 Raman vibrational bands

The phenomenon of Raman scattering is inherently weak, especially when compared to
Rayleigh scattering. Here less than one in a million of the photons undergo Raman scat-
tering [29]. The Raman intensity has a number of contributing factors, within different do-
mains of the experiment. Considering only the initial photon generation processes happen-
ing in the material of interest, the intensity can be expressed from a classical viewpoint as:

I ∼ QLα
2ν40, (7)

with QL the laser power. The equation shows that the Raman band intensity is sensitive
to the laser excitation wavelength λL. Here the oscillating dipole radiates with a power of
I ∼ λ−4L . It is therefore difficult to make quantitative conclusions when comparing studies
using distinct laser wavelengths. Additionally the Raman cross section is influenced by the
proximity of the laser photon energy to the band gap of the material. Within this regime
of resonance α depends strongly on ν0, from equation 7 it follows then that the Raman sig-
nal is enhanced [36]. Moreover the enhancement is different for each Raman mode, com-
plicating any comparisons that could be made between studies (this effect is explored for
cobalt oxide materials in section 6.2). Increasing laser power and choosing shorter laser
wavelengths can improve the Raman intensity. It is however important to balance this to
avoid sample degradation and secondary processes such as fluorescence which can easily
drown out the Raman signal [29]. These aspect of laser exposure and sample degradation
are investigated further in section 5.4 using the Raman response of CoPi.

Raman modes with their band positions can be well explained by looking at phonons within
a classical and mechanical framework. The given vibrational mode involves the movement
of an atom, here the net restoring force on it is proportional to the band position. A stronger
propensity of the atom to remain in its equilibrium state results in greater Raman shifts. The
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shift is proportional to the square root of the effective spring constant on the moving atom.
Or similarly the square root of the reciprocal reduced mass [36]. Therefore neighbouring
bond configurations with their bond lengths and strengths determine the band positions
and their broadnesses [37]. Interpretation of Raman/IR bands in terms of broadness and
shifting band positions is therefore a good starting point for a qualitative analysis of spectra.
These principles are further utilized on the vibrational investigations of amorphous ALD
CoPi in sections 6.4, 6.5, 6.6 & 6.7.

The area of the Raman modes has units intensity × frequency. An interpretation of this
quantity can be explained by expanding on several earlier made relations. Within a classi-
cal framework the polarizability tensor αij is introduced and equation 7 further links it to
the intensity as I ∼ α2. On a more fundamental level, a quantum mechanical description can
lead to an analogous relation, giving [33]:

I
(
~k, ωS, ωL

)
∼ |êS,i ·χij · êL,j|

2. (8)

Here ωS and ωL indicate the scattered and incident (laser) frequencies respectively. Simi-
larly the unit polarization vectors, êS,i & êL,j, have the same two counterparts. Lastly ~k is
the scattering wave vector with χij the Raman susceptibility [33]. Summation over χij can
lead to the Raman differential cross section, giving the relation [33]:

dσ

dΩdω
∼ |êS,i ·χij · êL,j|

2. (9)

The differentials dΩ and dω here are connected with respectively the solid angle [sr] and
spatial frequency [cm−1]. Combining the two equations 8 and 9 then results in the expres-
sion:

dσ ∼ I
(
~k, ωS, ωL

)
dΩdω.

As measurements of Raman spectra involve capturing of the same solid angle in the de-
tector, integration over the differential solid angle leads to the same constant contribution.
From this, direct integration over the spatial frequency range of the Raman band in question,
leads to the expression:

σR ∼

∫
ω

I
(
~k, ωS, ωL

)
dω. (10)

The relation shows that the area under a particular Raman vibrational mode is directly re-
lated to its Raman cross section in the material. Important to note is that the relation de-
scribed in equation 10 pertains to either a per molecule or per bond-vector basis. For Raman
experiments on CoPi thin films the laser beam illuminated depth far exceeds the thickness
of the layer (this is investigated in section 5.1). As such a macroscopic version of equation
10 can be developed that takes into account multiple controllable physical constants. The
relation then approximately describes how incoming laser irradiance (Iin [W cm−2]) is con-
verted into the outgoing Raman intensity (IRaman [W cm−2]) as follows [31][38]:

IRaman = σR × d0 ×N× Iin. (11)

Here N [cm−3] corresponds to the concentration of the Raman active molecules or bond vec-
tors with d0 [cm] the layer thickness. Finally σR [cm2] characterises the Raman scattering of
the particular configuration. The quantity has units cm2 but it should more accurately be
regarded as a combination of a cross section and a dimensionless Raman transition prob-
ability. Raman spectra can therefore be refined by dividing out the controllable physical
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constants, d0, N and Iin. If for example σR of a particular phonon mode remains constant
throughout the material then this shows homogenous qualities for the nano-scale environ-
ment of the vibrations. In practice however during Raman experiments, a charge-coupled
device (CCD) collects the backscattered Raman intensity and converts it in a digital signal in
terms of counts. Ideally this conversion happens linearly in which case equations 10 and 11

still hold true. Section 6.5 presents the Raman spectra of various CoPi thin films. From these
spectra the area under curve values for each mode are described by dividing them with the
thickness of the particular CoPi layer (of which the data is outlined in section 6.7). In so an
attempt is made to better understand the microstructural nature of CoPi from its vibrational
characteristics.

2.5 Raman scattering & infrared absorption in the spinel structure

In Chapter 6 the vibrational response of CoPi is investigated by looking at each of its molec-
ular components separately. As such a vibrational description is needed of the cobalt oxide
contained in CoPi, which is found to be closely tied to the spinel structure. For a theoretical
description of Co3O4 the particular crystal lattice can be studied for information on its vi-
brational modes, using a factor analysis based on group theory. From this predictions can
be made about the number of active vibrational modes. For a description of the Raman &
IR response of Co3O4 we consider the spinel oxide class AB2O4, with A and B represent-
ing distinct transition metal sites and O simply oxygen [39]. The spinel oxide of the space
group O7h − Fd3m can be described with a primitive cell containing two formula units of
Co3O4 [14][37][40]. The cubic close-packed lattice is made up by interlinked cobalt octahe-
dra and tetrahedra. The spinel structure for Co3O4 is depicted in Figure 2.3. The tetrahedral
unit AO4 consists of the transition metal ion at the centre of a cube and four oxygen atoms
stationed at its non-adjacent corners. For the case of crystalline Co3O4 inverse spinel charac-
teristics are not considered [14]. Hereby giving tetrahedra that are comprised of Co2+ ions
while the octahedra contain only Co3+ ions. For the octahedral unit here two oxygen atoms
are positioned along each dimension axis, forming a BO6 octahedron. Looking at Figure 2.3
it can be seen that within the spinel lattice all tetrahedra are isolated from each other. Addi-
tionally corners are only shared with other octahedra. For the octahedral units however we
see them sharing corners and edges with each other.

In order to describe the vibrational modes of Co3O4 a factor analysis based on group the-
ory is required for investigation of its symmetries. The full analysis of the various operators
on the normal spinel structure of Co3O4 was first done in [42], resulting in the tables of Ap-
pendix B. From this the total irreducible representation is given as

Γ3N = A1g + Eg + F1g + 3F2g + 2A2u + 2Eu + 5F1u + 2F2g.

Investigations of these vibrational modes reveal different characteristics. The 42 normal
modes consist mostly of optical vibrational modes. These are lattice waves resulting from
out-of-phase displacement of atoms. A number of modes will however be acoustic in na-
ture [35]. These are caused by in-phase displacements of the atoms in the crystal lattice. The
modes will travel with the speed of sound and have no useful spectroscopic qualities. Omit-
ting the acoustic F1u then results in 39 true optical normal modes:

Γ3N = A1g + Eg + F1g + 3F2g + 2A2u + 2Eu + 4F1u + 2F2g.
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Figure 2.3: Spinel structure for crystalline Co3O4 with (100) orientation. Colours indicate the partic-
ular atoms. Additionally the types of transition metal sites are pointed out, either in an
octahedral or tetrahedral configuration. Picture edited from [41].

Applying the selection rules on the set of normal modes can reveal if inelastic scattering
with light is possible. To be Raman active the vibration must induce a change in polarizabil-
ity and for IR a shift in dipole moment (see also Figure B.1 in Appendix B). The resulting
five Raman active normal modes are then [35][37][43]:

A1g + Eg + 3F2g,

with another set of four IR active vibrations:

4F1u.

The predicted Raman normal modes of cobalt oxide are linked with atomic motions in sec-
tion 6.1 and further discussed and compared with experiments in section 6.2. All the five
phonon modes A1g + Eg + 3F2g can be identified here for a crystalline spinel structure in
the material. Additionally an analysis of the cobalt oxide content in CoPi is performed in
section 6.4. Here the case is made for certain symmetries (A1g) to be more stable and less
dependent on a well ordered spinel structure than other modes (Eg + 3F2g). Looking at Fig-
ure B.1 in Appendix B it can be seen that the non-degenerate symmetry A1g has a more
simple description that consists of every one of the operators being applied once. For the
Eg + 3F2g degenerate modes however it can be seen that these symmetries contain only a se-
lect few operators, with some applied multiple times while others are performed in the op-
posite (negative) direction. This already indicates an intrinsic difference of the symmetries
connected to the phonon modes of Co3O4 & CoPi which is discussed further in sections 6.4
& 6.5. Additionally for the IR symmetries 4F1u a number of experimental studies on cobalt
oxide are discussed in section 6.3. Here giving further descriptions on the appearance and
interpretation of the phonon modes.
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3 experimental details

This chapter describes the experimental setups used for the collection of data within this the-
sis work. In particular an overview of the methods and instrumentation is given that is suffi-
cient to repeat the experiments. Moreover each of the employed experimental techniques are
described in a separate paragraph below.

ALD reactor
For the deposition of cobalt phosphate and cobalt oxide thin films a home-built plasma-
enhanced ALD reactor is used which is depicted in Figure 3.1. Pumping down of the reac-
tor is done by a turbomolecular pump connected to a rotary vane pump [1], that can reach
a base pressure 2× 10−5 mbar. The reactor is equipped with a remote inductively coupled
plasma (ICP) source with a power supply operating at 13.56 MHz. During the depositions
the reactor walls of the chamber are heated to 100◦C. Additionally inside a substrate holder
is heated to 300◦C, that is capable of holding 100 mm diameter substrates. From calibra-
tion measurements (given in the supplementary information (SI) of [44]) it is found that the
heating elements can maintain a Si wafer temperature of 210◦C during deposition. For the
ALD half-steps of the process cobaltocene (CoCp2, 98% purity) and trimethyl phosphate
(TMP, (CH3O)3PO, 97% purity) are selected as precursors (More on the ALD half-steps de-
scribed in Appendix A) . Both of these are purchased from Alfa Aeser. CoCp2 is contained
in a stainless steel cylindrical bubbler that is heated to 80◦C. Argon gas (� 99.999% pu-
rity) is used to carry CoCp2 vapour from the bubbler to the reactor through a line heated
to 100◦C. The combined CoCp2 vapour with Ar flow during dosing here can reach a maxi-
mum of 3.0× 10−2 mbar. TMP is vapour-drawn to the reactor through a line that is heated
to 70◦C. The TMP bubbler here is maintained at a temperature of 50◦C. During each of the
ALD half-steps oxygen plasma is used as a co-reactant. For this process a constant flow of
O2 gas is followed up by plasma ignition with the ICP source that provides 100 W of power.
For in situ characterization of deposited films spectroscopic ellipsometry (SE) is used. The
reactor is therefore equipped with a Woollam M−2000 ellipsometer mounted at an angle of
incidence of 70◦.

Figure 3.1: Home-built plasma-enhanced ALD reactor named ALDii is shown in either a photograph
(left) or schematic (right). Note that the precursor inlets are actually connected at the
upper-backside of the main chamber. A Woollam M−2000 ellipsometer is mounted on
the ALDii reactor which is used for in situ SE measurements. Additionally a quadrupole
mass analyser is connected with the main chamber for analysis of trace species in the re-
actor (omitted from the schematic). Schematic image edited from [45].
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The recipe for growing ALD CoPi thin films has been investigated in previous works [10][15].
Here various temperatures for the substrate holder between 100◦C and 300◦C are explored,
showing good conformal growth for the ALD thin films. The deposition of CoPi in this the-
sis is performed at a substrate holder temperature of 300◦C. As such comparisons can be
made with earlier reports on ALD CoPi [1][15][10]. Additionally work on ALD cobalt oxide
in [46] has shown substrate holder temperatures of 300◦C and 400◦C to result in better crys-
tallinity than for lower ones.

The deposition of ALD CoPi can be divided into two parts, the growth of cobalt oxide and
phosphate units. Each of these parts consists of the standard half-reactions A & B as is de-
scribed in Appendix A. For the growth of cobalt oxide units the precursor CoCp2 is dosed
and purged away with Ar. Subsequently oxygen plasma is used as a co-reactant and purged
away with Ar. This constitutes the half-reactions A & B. In a similar manner TMP is used
as a precursor for growing phosphate units. Here again purging with Ar gas is done after
each step with oxygen plasma as co-reactant. These half-reactions are denominated as C &
D. The ALD steps (AB) and (CD) differ in some of the characteristics for their growth. The
steps (AB) result in successful reactions for any type of oxygen adsorption site on the sur-
face (either bridging towards a cobalt or phosphorus centre). For the steps (CD) however
it is thought that growth can only happen with the oxygen adsorption sites on the surface
that bridge towards a cobalt centre. The alternative would be that P2O5 chains would form
which are thermally unstable at these temperatures [47]. This way the film is grown more
selectively during the (CD) steps than for the (AB) ones. The four processing steps ABCD in-
volved in the growth of ALD CoPi are depicted in Figure 3.2 with different colours. Shown
here is the general scheme for one CoPi [X : Y] super-cycle. Using this recipe scheme various
CoPi films can be deposited of different stoichiometry and microstructures. For all recipes
the amount of super-cycles are chosen in such a manner that the total cobaltocene dosing
remains constant. For CoPi [X : Y] this corresponds to 600

X+Y super-cycles.

Figure 3.2: General scheme describing one CoPi [X : Y] super-cycle. The reactant dosing steps are
given over time for the ALD recipe. Shown are CoCp2 (yellow) and oxygen plasma (grey)
corresponding to half-reactions (AB). Similarly TMP (magenta) and oxygen plasma (grey)
are shown corresponding to half-reactions (CD). For all recipes the amount of super-
cycles are chosen in such a manner that the total cobaltocene dosing time remains con-
stant. For CoPi [X : Y] this corresponds to 600

X+Y super-cycles.

Additional details around the ALD process and the corresponding half-reactions are de-
picted in Figure 3.3. The process is started by flowing argon inside the reactor chamber un-
til it stabilizes towards 1.5 × 10−2 mbar. Subsequently the flow of Ar is diverted through
the CoCp2 container for 2 s. The line going from the bubbler to the reactor is then purged
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with Ar for 3 s and pumped down for another 3 s. This encapsulates step A. Subsequently
step B consists of O2 plasma ignition and flow towards the reactor for 5 s. Next for step C,
TMP is vapour drawn to the reactor chamber for 0.6 s followed by a pumping down step of
2 s. Finally step D contains another O2 plasma ignition and flow towards the reactor for 2
s. The co-reactant steps (B & D) start with a flow of O2 gas that is maintained for 4 s where
it stabilizes towards 6 10−2 mbar. Additionally each of the two O2 plasma on time slots
are followed up by 7 s of pumping down, the time that is sufficient to reach a pressure of
6 10−4 mbar. Before each deposition, a cleaning step of 3 min is performed with an O2
plasma. Hereby removing adventitious carbon from the c−Si(100) and FTO substrate sur-
faces. Hereby also establishing SiO2− and SnO2−terminated surfaces for ALD growth.

Figure 3.3: Scheme describing the ALD process for CoPi as a function of time. Shown are the vari-
ous gas and precursor dosing slots that are contained in the half-reactions (AB) & (CD).
Image edited from [15].

Raman spectroscopy
The setup for this work consists of a microscope paired with a laser generator and detector.
The Renishaw RL514C Class 3B CW laser operating at a wavelength of 514.4 nm is used as
the laser generator. Additionally its maximum laser power output is 100 mW. The Renishaw
inVia Raman Microscope is used for focussing the laser beam and visualizing the surface at
a micrometer scale. The optical characteristics of the microscope lens can be described by
the numerical aperture (NA) value. In particular it describes the range of angles that can be
accepted through the lens. The microscope numerical aperture is 0.85 and its magnification
can be set in the range of 5× to 100×. The transverse optical resolution of the microscope is
determined by its numerical aperture and the wavelength of the laser. The theoretical mini-
mum for this resolution can be described from the Airy diffraction image [48]. The Rayleigh
criterion then dictates that the minimum Airy disk radius coincides with the transverse opti-
cal resolution, given by the relation 0.61λL

NA ≈ 3.7 µm [48]. Measurements are performed with
a substrate holder perpendicular to the laser beam, with the detector collecting the backscat-
tered signal. The samples under investigation are measured from a series of 40× 47 s mea-
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surements, each on an unique location on the material surface. Additionally the microscope
is set in confocal mode with a magnification of 50×. The laser beam power here is set at 1
mW while producing the light in unpolarized mode. This gives a corresponding power den-
sity of approximately 2.3 kW/cm2 assuming perfect beam focusing. How these measure-
ment conditions were determined to be optimal is described in section 5.4. Here the stabil-
ity of the layers during measurements of 47 s is investigated, showing limited degradation,
heating and crystallization effects. Lastly the measurements are performed on CoPi samples
deposited on a fluorine doped tin oxide (FTO) substrate. Sections 4.2 & 5.1 describe various
characteristics of FTO. In order to calculate the Raman response of CoPi a background sub-
traction procedure is used which is detailed in Chapter 5.

Fourier-transform infrared absorption
IR absorption measurements are be performed using a Bruker INVENIO-S Fourier-transform
Infrared Spectrometer. The internal chamber contains a sample holder that is purged for 15
minutes with an N2 flow of 25 LPM for the measurements. The sample holder is measured
in straight-through configuration with the light source and detector on either of its sides.
The spectrometer measurements are performed at a spectral resolution of 6 8 cm−1 while
the detector has a wavenumber accuracy of 6 0.01 cm−1. Measurements are performed over
2048 scans with a scanner velocity of 10 kHz and a low pass filter of 10 kHz. In order to cal-
culate the absorbance the following expression is used:

Absorbance = − log
(
Isample

Ireff

)
.

Here Ireff corresponds to the intensity of transmitted IR light for an empty c−Si(100) wafer,
while Isample corresponds to that of CoPi deposited on the same Si substrate.

Ex situ spectroscopic ellipsometry
The CoPi film’s thicknesses and optical characteristics are studied ex situ by a Woollam
M− 2000 ellipsometer. A series of measurements are taken at multiple angles of incidence:
[35◦, 40◦, 45◦, 50◦, 55◦, 60◦, 65◦, 70◦, 75◦, 80◦]. The CompleteEASE software is used with a
Tauc-Lorentz model for fitting the data in the spectral range of 1.24 to 6.50 eV. The model
describes the imaginary part of the dielectric function, ε2, as is shown in Figure 3.4, with a
number of parameters. Here Amp1, Br1 & Eo1 are fitted to the SE data. The corresponding
parameters of ε2 are then: Amp1 for its amplitude, Br1 [eV] for its broadness, Eg the optical
band gap and Eo1 [eV] for the peak position. The corresponding equation for non-zero ε2 as
a function of photon energy E is given as [49]:

ε2(E) =
Amp1 · Eo1 · Br1 · (E− Eg)

2

(E2 − Eo12)2 + Br12 · E2
· 1
E

, for E > Eg.

The Einf parameter is also fitted which represents a real constant used as an offset param-
eter for the real part of the dielectric function [49]. Lastly the optical band gap Eg for the
Tauc-Lorentz model of CoPi is set at 0 eV.

Various CoPi sample recipes are investigated with ex situ SE in section 4.2 resulting in their
respective thicknesses and optical constants. Typical ranges for the values of the Tauc-Lorentz
parameters for CoPi are found to be: Br1 = [1 − 5] & Eo1 = [7 − 9] eV. The Tauc-Lorentz
model applied to CoPi [5 : 1] results in the plots in Figure 3.5. Here the SE data (Psi & Delta)
of the CoPi film is plotted with the model’s predicted trends. Only a select few incident an-
gles are included in the plot for better clarity. The Tauc-Lorentz model shows good corre-
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Figure 3.4: Tauc-Lorentz model of the imaginary part of the dielectric function, ε2(E), as a function
of photon energy E. The corresponding parameters are: Amp1 the amplitude & Br1 a
broadening term. Additionally Eo1 indicates the peak position with Eg the optical band
gap, both of these values are in eV. Image edited from [50]

spondence with the SE data of the investigated CoPi films, typically giving mean square er-
ror values of < 15. Furthermore the full SE data and Tauc-Lorentz fits are given for the CoPi
samples in Appendix C, Figures C.1 & C.2.

Figure 3.5: Ex situ SE measurements are performed on CoPi [5 : 1] and the SE data is fitted using a
Tauc-Lorentz model. Shown are the Psi & Delta values coming from both the SE measure-
ments and the Tauc-Lorentz fit. Only a select few incident angles are included in the plot
for better clarity.

X-ray photoelectron spectroscopy
X-ray photoemission spectroscopy (XPS) studies are carried out on a Thermo Scientific K−

Alpha system, equipped with a monochromatic Al Kα X-ray source at 1486.6 eV. The C1s
peak of the adventitious carbon is used as reference, by setting its binding energy at 284.8
eV. To prevent charging, charge compensation was used in the form of a flood gun. Spectra
were analysed using the Avantage software package version 5.797 provided by Thermo Fis-
cher Scientific.
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For quantification of atomic concentrations, first a background was subtracted using the
Smart Background model which implements a combination of the Shirley and linear back-
ground models. After background subtraction, the peak areas were obtained by integration
and converted to atomic concentrations using the relative sensitivity factors provided in the
ALTHERMO1 database.

Scanning electron microscope
The surface morphologies of samples are investigated using a field-emission scanning elec-
tron microscope (SEM). Here images are obtained with a Supra 40 (Carl Zeiss AG) SEM mi-
croscope using an in-lens detector. Additionally an accelerating voltage of 20 kV is picked
for imaging the top view of the samples.
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4 copi thin films: growth & characterization

4.1 CoPi film deposition

For the deposition of CoPi the ALD processing steps ABCD are employed as described in
Figure 3.2 & 3.3. Additionally a detailed description of the processes involved for ALD CoPi
can be found in [15] and [10]. These studies pertain to the same reactor as is used in this
thesis. Additionally each of the ALD steps are outlined in the studies with corresponding
precursor dosing, purge and pump-down times.

Prior to the depositions the FTO substrate undergoes a cleaning procedure. The FTO sub-
strates are washed with deionized water and soap for a few minutes. Subsequently sub-
merging in a sonication bath for 10 minutes in pure acetone, and another 10 minutes in
pure 2-propanol. Lastly the substrates are quickly dried by purging with an Argon flow
gun. New samples are deposited with different ratios within the super-cycles, with the gen-
eral recipe scheme described in Figure 3.2. Various CoPi film stoichiometries can then be
produced by choosing different ratios in the ALD recipe. The standard CoPi [1 : 0] is de-
posited which contains and equal amount of half-steps for growing cobalt oxide (AB) and
phosphate units (CD). Additionally gradually more cobalt-rich recipes are deposited, given
as CoPi [49 : 1], [23 : 1], [19 : 1], [11 : 1] and [5 : 1] respectively. For all recipes the amount of
super-cycles are chosen in such a manner that the total cobaltocene dosing remains constant.
For CoPi [1 : 0] this corresponds to 600 super-cycles consistent with the amount used in the
works of [15][10][1] for the same recipe. For the general recipe CoPi [X : Y] the super-cycle
amount can be expressed as 600

X+Y .

Lastly an additional sample is deposited over 600 cycles with purely the (AB) half-reaction
steps as described in Figure 3.2. This is the standard method for producing ALD Co3O4,
also investigated in the works of [1][45][10]. The deposition is performed on a soda-lime
glass substrate. The crystalline ALD Co3O4 film is not investigated with the various exper-
imental techniques of the next section 4.2 but instead used for the vibrational spectroscopic
investigations of Chapter 6.

4.2 CoPi layer characteristics

The various ALD CoPi film recipes are investigated with ex situ SE, XPS, SEM. Here for all
experimental techniques a c−Si(100) wafer is used as a substrate, except for the SEM mea-
surements which are performed on the FTO. Additionally the experimental setups used are
described in Chapter 3, here a number of the methods needed to acquire the experimental
data is outlined as well.

Optical analysis
The SE data are modelled with a Tauc-Lorentz model from which various film characteris-
tics are extracted, as is shown in Figure 4.1. The x-axes here are given as the fraction of (AB)
steps within each super-cycle (see Figure 3.2), called the CoOx super-cycle fraction. Further-
more the SE data and Tauc-Lorentz fits are given for the CoPi samples in Appendix C, Fig-
ures C.1 & C.2.

Figure 4.1a shows the growth per cycle (GPC) of the CoPi films determined from ex situ SE.
For CoPi [1 : 0] a growth rate is found of 1.12 Å per cycle which is identical to those found
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for the same CoPi recipe in previous works [15][10][1]. Additionally for the growth-rates a
linearly declining dependency can be seen for increasing CoOx super-cycle fraction. This
can partly be explained by the growth rate of Co3O4 which is only ≈ 0.5 Å per cycle [1][45].
Therefore as more (AB) half-reaction steps are introduced in the recipes the growth rate ad-
just towards the one for Co3O4. Furthermore it is thought that the steps (CD) for growing
POx can only happen with the oxygen adsorption sites on the surface that bridge towards
a cobalt centre. It can therefore be expected that the growth per cycle during this step is in-
creased by the additionally available cobalt bridging oxygen adsorption sites resulting from
the more cobalt-rich recipes. Furthermore the addition of extra (AB) steps in the ALD recipe
super-cycles (see also Figure 3.2) comes at the cost of an (CD) growth step. The linearly de-
clining GPC trend then also shows that the POx units are responsible for a considerable part
of the growth of CoPi. This indicates that there are domains of CoOx that are separated by
phosphate bridges. Additionally Table 1 shows the GPC values of the CoPi samples with
some additional recipe information and the stoichiometry.

Figure 4.1: Ex situ SE measurements on various CoPi films deposited on c−Si(100) wafers. The SE
data is modelled with a Tauc-Lorentz model giving various film characteristics as func-
tions of CoOx super-cycle fraction. a): Growth rates b): The Tauc-Lorentz parameters,
peak position (Eo1) and broadness (Br1).

Table 1: Various CoPi recipes are characterized experimentally. The given Co/P values are deter-
mined from XPS analysis indicating the stoichiometry. Also shown are the film growth-rates
determined from ex situ SE measurements using a Tauc-Lorentz model.

CoPi recipe
CoOx super-
cycle fraction

Co/P
Growth rate
[Å per cycle]

[1 : 0] 50.0% 1.21± 0.03 1.12± 0.01
[49 : 1] 50.5% 1.19± 0.03 1.08± 0.01
[23 : 1] 51.0% 1.10± 0.03 1.08± 0.01
[19 : 1] 51.3% 1.03± 0.03 1.07± 0.01
[11 : 1] 52.2% 1.47± 0.04 1.04± 0.01
[5 : 1] 54.5% 1.52± 0.04 1.00± 0.01

Additionally Figure 4.1b shows various Tauc-Lorentz parameter values. Here it can be seen
that for increasing CoOx super-cycle fractions there is a transition for both the peak position
(Eo1) and broadness (Br1) parameters. The transition here shows a significant increase in
peak position and fourfold broadening for rather small change of the recipe (CoOx super-
cycle fraction from 50% to 54.5%). This can be explained by an increasing amount of cobalt
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in the material, while also being organized into clusters of bigger size (more on the CoPi
structure discussed in sections 6.4, 6.5 & 6.7). Within this framework cobalt atoms in the
clusters are mostly separated from the phosphate units giving rise to new bond environ-
ments that can contribute to the changes in light-absorbing characteristics. As such there is
an increased broadness of the Tauc-Lorentz absorption peak for CoPi films with stoichiome-
tries of Co/P > 1.47. For the films exhibiting Co/P values 1.0− 1.2 it is then expected that
most cobalt atoms are neighbouring phosphate units causing a narrow and well defined
light-absorption peak.

The optical characteristics of the CoPi samples are given in Figure 4.2. Here the refractive
indices (n) and extinction coefficients (k) are found from fitting the SE data with a Tauc-
Lorentz model. The curves of n and k for the CoPi recipes [1 : 0], [49 : 1], [23 : 1] & [19 : 1]
all show very similar trends. This is also the case when inspecting their Tauc-Lorentz pa-
rameters as can be seen in Figure 4.1b, here showing a similar transition. These four films
exhibit stoichiometries with Co/P values 1.0− 1.2 with CoOx super-cycle fractions ranging
from 50.0% to 51.3%. Interestingly within this small range there is a slight and gradual in-
crease in the refractive index as the recipes become more cobalt-rich. Furthermore the CoPi
[11 : 1] & [5 : 1] show a significant increase in n and k. This can be explained by a jump in
Co/P values for these two films towards 1.47 − 1.52. The main contribution to the increas-
ing trends of the n and k is then attributed to additional cobalt atoms, that are also more
frequently bridged towards other cobalt centres (Co−O−Co bonds). From the analysis of the
CoPi films with ex situ SE it can be concluded that the films exhibit predictable growth and
optical characteristics. Furthermore the description of the CoPi film structure as domains of
CoOx separated by PO3−4 units works well to explain the corresponding optical qualities.

Figure 4.2: Optical characteristics of various CoPi recipes are depicted. The curves are obtained from
ex situ SE measurements using a Tauc-Lorentz model. These CoPi films are all deposited
on c−Si(100) wafers. a): Refractive index as a function of photon wavelength. b): Extinc-
tion coefficient as a function of photon wavelength.

Chemical analysis
XPS analysis of the CoPi samples is used to find information on the stoichiometry of the ma-
terial. The oxidation state of Co, O and P is investigated by scanning in the respective bind-
ing energy ranges, as is shown in Figure 4.3 for the CoPi film series. The same set of XPS
spectra are shown for the CoPi [1 : 0] film in Figure 4.4. The Co 2p spectrum shows a split-
ting into the 2p3/2 and 2p1/2 contributions due to strong spin-orbit coupling [1]. The Co 2p
peaks in Figure 4.4a here show the characteristic features with the Co2+ broad satellites next
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to the main peaks [10][1]. Additionally the energy difference between the main peaks of the
2p3/2 and 2p1/2 contributions is 15.9 eV, indicating the presence of Co2+ species in the CoPi
[1]. From a similar inspection of the spectral shapes of the various CoPi recipes in Figure 4.3
it can be concluded that these film also consist of cobalt atoms primarily in the 2+ oxidation
state. Looking at the P 2p spectra of the CoPi films in Figures 4.4c and 4.3c the presence of
a single type of phosphorous species is detected, these are connected with the phosphate
units. Further inspection of the O 1s spectra in Figures 4.4b and 4.3b shows that the CoPi
samples are mostly consisting of oxygen species incorporated in the phosphate units. Lastly
as cobalt oxide can exist in two stable forms, it is important check for the presence of CoO
species in the CoPi samples. XPS studies on pure CoO phase powder show that it can be dis-
tinguished from Co3O4 by inspection of the C 2p spectra [51][52]. In particular CoO exhibits
more intense and defined satellite peaks that have similar broadnesses as those of their re-
spective main 2p3/2 and 2p1/2 bands [51][52]. The Co 2p peaks in Figures 4.4a and 4.3a
then indicate no CoO phase being detected in the CoPi films, as both satellites are consid-
erably broader than their respective main peaks.

Figure 4.3: XPS spectra various CoPi thin film recipes. a): Co 2p b): O 1s. c): P 2p.

Figure 4.4: XPS spectra of the CoPi [1 : 0] film. a): Co 2p spectrum, indicated are the main and satel-
lite peaks within the regions Co 2p3/2 and Co 2p1/2. b): O 1s. c): P 2p.

From the XPS spectra of Figure 4.3 a baseline fit can be performed to investigate the relative
areas of the various species. An example of this for the CoPi [1 : 0] film is shown in Figure
4.4, giving the baseline fits in green. In so the cobalt to phosphor ratios can be determined.
This is done by first calculating the total area of the Co 2p, P 2p, and O 1s peaks from the
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XPS spectra using the corresponding relative sensitivity factors (described in the XPS ex-
perimental details of Chapter 3). The fraction of the total area is then calculated for both
the cobalt and phosphor peaks, comparing these fractions then results in the Co/P values.
This way the stoichiometry of each of the CoPi films is characterized, as is shown in Table 1.
This procedure is consistent with the ones used in previous report on amorphous ALD CoPi
[15][10][1].

The resulting Co/P are also given for each of the CoPi recipes as is shown in Figure 4.5. A
constant relative uncertainty of 2.5% is taken here consistent with the approach in [1]. From
the Co/P values it can be seen that they do not coincide nicely with the recipes. As a matter
of fact, it would be expected that including additional (AB) half-reaction steps in the recipes
produces progressively more cobalt-rich CoPi samples. In particular the CoPi [1 : 0], [49 : 1],
[23 : 1] & [19 : 1] recipes show a decreasing trend in Co/P values for increasing CoOx
super-cycle fraction. At a later stage in the research work, it was found out that these spe-
cific samples suffered from a POx contamination during the ALD growth, as a consequence
of POx-based condensed areas in the ICP tube or in cold-spots in the ALD chamber. As cer-
tain parts of the ALD reactor contain cold spots of less than 100◦C the TMP precursor can
grow into P2O5 stacks [47]. Additionally fluctuation in temperature can cause thermal stress
and release CoPi-like material grown on the chamber walls into the ALD films during pro-
cessing. Although unfortunate, this late experimental evidence aligns well with the observa-
tion in the ex situ SE data, showing similar values of the Tauc-Lorentz parameters Eo1 and
Br1 (see Figure 4.1b) for the CoPi [1 : 0], [49 : 1], [23 : 1] & [19 : 1] recipes. From the Figure
4.1a it can be seen that the linear fit through the growth rates shows large deviations. Par-
ticularly for the CoPi [1 : 0], [49 : 1], [23 : 1] & [19 : 1] recipes this can be explained by a
disruption of the ALD growth by additional POx sown into the material. Additionally the
optical characteristics of these samples in terms n and k values (see Figure 4.2) show very
similar trends. More discussion on the stoichiometry of the CoPi film series is given in sec-
tion 6.7. Specifically, the case here is also made that P−O−P bonds have formed in the films
causing certain distortions and bands to appear in the vibrational spectra of CoPi.

Figure 4.5: Co/P values as determined from XPS analysis as a function of CoOx super-cycle fraction.
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Surface morphology
The samples under investigation in this thesis are also deposited on fluorine doped tin ox-
ide. These are made by Ossila which supplies the oxide coated glass slides of 20 x 15 x 1.1
mm [53]. The FTO substrates have a surface resistivity of 9.4 Ω per area2 and are very trans-
parent (> 80%) in the visible and near-IR wavelength ranges [53][54]. The product specifica-
tions indicate a tin oxide layer of 750 nm coated on soda-lime glass. Additionally a rough-
ness of 45 nm is found for the FTO, with micrometer sized crystallites poking out of its sur-
face. A SEM micrograph of the FTO substrate is given in Figure 4.6a, showing its surface
morphology. Here it can be seen that the crystallites are spaced apart by less than a microm-
eter while showing various sharpened and rounded shapes. These properties of the FTO
surface are further used in section 5.2 to describe its reflective properties. The Figure 4.6b
shows a SEM micrograph of the CoPi [1 : 0] sample. Here the edges of the crystallites are
rounded and the in between gaps are filled by the layer. Furthermore the SEM image indi-
cates conformal growth with negligible defects in the CoPi layer with mostly rounded spher-
ical crystallites as its surface morphology.

Figure 4.6: SEM micrographs images. a): FTO. b): 67 nm of ALD CoPi [1 : 0] deposited on FTO.
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5 background subtraction in raman spectroscopy

Figure 5.1a reports the Raman spectra of CoPi [1 : 0] & CoPi [5 : 1] as well as the one of
the FTO substrate (background). These spectra of CoPi consist of multiple contributions
that can result from the FTO substrates they are deposited on. Interestingly the Raman in-
tensity of the CoPi appears to be either more or less intense than that of the FTO substrate.
It is therefore not straightforward to correct the spectra from the signal arising from the
substrate. It is notable that the literature on Raman spectroscopy typically does not discuss
nor explain their methods of background subtraction. The processing of Raman spectra can
be complicated and requires an unique approach depending on the particular setup. This
chapter aims to describe the various effects that complicate the interpretation of measured
spectra and showcases the procedure adopted to extract information on the CoPi Raman
spectrum. The particular procedure is described in sections 5.2 while its application to CoPi
[1 : 0] is given in section 5.3. Prior to this a Raman analysis of the FTO substrate is per-
formed in section 5.1. Here some of the optical distortions on the laser beam are outlined
while also giving a better understanding of the Raman signals resulting from the FTO sub-
strate. Lastly section 5.4 outlines the measurements conditions used for the Raman experi-
ments and describes how these are determined.

Figure 5.1: Raman spectra are shown as obtained from a series of 40× 47 s measurements, each on
an unique location of the material surface (see section 5.4). a): Measured Raman spectra
are shown for the FTO substrate (Background) and deposited CoPi films (Sample). b):
Two spectra are shown, wherein the Raman intensity of the soda-lime spectrum is nor-
malized to the highest peak of the FTO spectrum.

5.1 Raman analysis of the FTO substrate

For thin film materials the choice of substrate is crucial to obtain a good Raman signal. This
is even more so the case for relatively transparent materials such as CoPi, that also exhibits
a very weak intrinsic Raman response compared to materials such as Si or MoS2 [34]. Most
substrates are Raman active with sharp peaks and broad bands in the 100− 1500 cm−1 Ra-
man shift range. Choosing a substrate that shows Raman peaks outside of those of the de-
posited material is most appropriate. Various substrates for CoPi have been tried such as
crystalline Si, SiO2 and soda-lime glass. Both Si and SiO2 exhibit an overwhelming signal
when used as a substrate and are therefore inappropriate choices. Only the soda-lime glass
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results in consistent Raman spectra for the CoPi samples. However in this work the choice
of substrate has fallen on (conductive) FTO-coated soda-lime glass, because in the near fu-
ture these substrates will be adopted also for cyclic voltammetry measurements. Therefore,
Raman studies will be carried out prior and after CV voltammetry analysis. The Raman
spectra of both the FTO and glass sides of the substrate are shown in Figure 5.1b. A number
of SnO2 Raman peaks can be identified in the FTO spectrum [55][56], also outlined in Table
2. Two sharp peaks at 245 cm−1 and 635 cm−1 are assigned to the phonon modes Eu and
A1g respectively. Additionally two broader bands are found around 305 cm−1 (Eu) and 475
cm−1 (Eg). As the soda-lime glass consists mainly of amorphous SiO2 three broad peaks
can be identified [57]. These are the phonon modes connected with Si−O−Si vibrations. The
asymmetric stretching mode is found at 1100 cm−1. Additionally the symmetric stretching
and bending modes are positioned at respectively 800 cm−1 and 570 cm−1. The Raman re-
sponse of FTO above 850 cm−1 coincides nicely with that of the soda-lime glass. Addition-
ally a linear baseline can be seen for both spectra. For the FTO spectrum the baseline seems
to be mostly determined by the soda-lime glass it is coated on.

Table 2: Various Raman bands and vibrations identified in the FTO and amorphous soda lime glass
substrates.

Material
Raman mode

/vibration
Band position

(cm−1)
SnO2 A1g 635

Eg 475

Eu 305

245

Soda lime
Si−O−Si

asym. stretch
1100

Si−O−Si
sym. stretch

800

Si−O−Si
sym. bending

570

In order to describe some of the optical effects that are relevant in Raman experiments both
the shape and focussing characteristics of the laser beam are explored. The intensity profile
can be described by a Gaussian beam. Here the intensity I(r, z) [W cm−2] is a function of
radial distance r and height above the surface z. The waist of the beam can be described in
the radial direction as the function w(z) with a smallest waist radius of w0. The irradiance
is then expressed as:

I(r, z) = I0

(
w0
w(z)

)2
exp

(
−2r2

w(z)2

)
, (12)

with I0 the irradiance at the radial centre at the smallest waist of the laser beam. For correct
focussing on the surface, the beam spot image needs to be minimized so it coincides with
the smallest waist of the laser. This way measurements of deposited materials are performed
in a consistent manner using a common reference point for the focussing.

As the laser beam meets the material surface, reflection, refraction, absorption and interfer-
ence occurs, thereby modifying the intensity of the backscattered signal. Raman depth pro-
filing is therefore used to investigate the behaviour of the Raman response as a function of
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focussing depth through the material. By adjusting the focus depth of the laser beam deeper
into the material, the laser beam smallest waist and irradiation zone move along with it in
the same direction. This way changes in the Raman peaks are observed. The focus depth
∆ [µm] is set at zero when the laser beam waist is seen to be minimal. As ∆ is increased, the
laser irradiation zone shifts deeper into the material. Figure 5.2a shows the Raman spectra
of CoPi [5 : 1] for values of ∆ > 0. The red curve results from ∆ = 0, while each graph below
is probed another micrometer deeper. The orange curve at ∆ = 1 µm is focussed mainly into
the FTO layer and closely resembles its Raman spectrum, here showing a broad response in
the 450− 750 cm−1 with a small peak at 240 cm−1. The blue curve shows the Raman spec-
trum probed at ∆ = 8 µm which is greater than the FTO thickness and so shows a similar
spectrum to pure soda-lime glass. Additionally measurements with negative ∆ values are
performed, in so probing with the laser as it mainly propagates through air as medium. A
strong peak location of the background spectrum is chosen, here the tin oxide peak at 635
cm−1. The intensity of the Raman signal at this wavenumber is now measured as a function
of focus depth. The blue curve from Figure 5.2a that probes at ∆ = 8 µm is used as a base-
line for the intensities of the peaks with positive ∆ values. In a similar manner the measured
background noise at ∆ = −12 µm is used as a baseline for finding the intensity of the spec-
tra with negative ∆ values. This should mostly be the dark signal of the detector because
there are no gas species in ambient atmosphere that are Raman active in the range of inter-
est. The resulting depth profile is shown in Figure 5.2b. The curve shows the intensity drop
off for varied focussing depth, which is expected to be Gaussian in nature [58]. Small devia-
tions are seen however in the positive ∆ range. Here the FTO and CoPi cause some minimal
optical distortions.

Figure 5.2: a): Raman spectra of CoPi [5 : 1] shown for values of ∆ > 0. The red graph here is taken
at ∆ = 0, with each graph below it ∆+ 1 µm, until it reaches ∆ = 8 µm. This is also indi-
cated with the arrow. b): Depicted is the Raman intensity at 635 cm−1 after background
subtraction given as a function of focussing depth ∆.

For the peak in Figure 5.2b a FWHM value of ≈ 4 µm is found. The measurements of Fig-
ure 5.2 then show that the illuminated depth by the laser is far greater than the thickness of
the CoPi, while the FTO is of a similar size to it (as is described in section 4.2 giving a FTO
coating thickness of 750 nm). Additionally equation 12 indicates that the laser illuminated
volume is radially symmetric. From this it can be assumed that the laser output per volume
towards the CoPi and FTO remains similar across samples. Hereby qualitative and quanti-
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tative comparisons between deposited materials can be made using their isolated Raman
spectra, as is explored further in section 6.7.

5.2 Wavelength independent method for absorbing layers

This section describes the underlying processes involved in the Raman responses of FTO
and CoPi. Firstly the material surfaces are explored in terms of scattering and reflective
properties. In so motivating the procedures used for acquiring the Raman spectra of FTO
and CoPi. Furthermore the absorbing qualities of the layers are explored and quantified
within the appropriate Raman shift range. The modelling of the laser beam intensities is
then described by first listing out the assumptions of the method. Subsequently descriptions
of the absorbing qualities of the films are worked out mathematically which constitute the
basis for the background subtraction procedure described in this Chapter.

Relative to the Raman response of CoPi, both the FTO and soda-lime glass show strong Ra-
man activity. Additionally for the latter two materials the Raman response extends over the
range of that of CoPi. As such both materials comprising the substrate are analysed for their
characteristics in Raman scattering and surface properties. SEM analysis done in [1] shows
crystallites of 6 0.5 micrometer in size poking out at the surface of the substrate. For the
FTO substrates used in this thesis identical characteristics are obtained by SEM investiga-
tion, as is described in section 4.2 and seen in Figure 4.6. As the laser is being focussed on
the FTO surface its spot-size is in the same order of magnitude as these crystals. Here it
can be seen through the microscope that the laser spot deviates from circular as it is moved
over the surface. Scanning the FTO at two spot-locations a few micrometers apart shows
slight deviations in Raman spectra. Therefore to minimize the reflective effects a mapping
is performed over 2× 20 locations spaced at least a few dozen micrometers apart. Each of
these scans is performed for 47 s and further summed together. More details on how these
measurement conditions were determined to be optimal is described in section 5.4. The re-
sulting spectra in Figure 5.1a are obtained for these measurement conditions. One of the re-
sulting graphs, from now on referred to as the background spectrum, is shown as the black
curve in Figure 5.1a. Additionally depicted here are the Raman spectra of CoPi [1 : 0] and
CoPi [5 : 1]. Any of these obtained Raman spectra of CoPi is from now on referred to as the
sample spectrum. Differences can be seen in the shapes and intensities of the sample spec-
tra compared to the background spectrum. Additionally there are differences in the thick-
nesses of the CoPi samples. A careful consideration of relevant optical factors is therefore
employed, accompanied with a number of assumptions in order to develop a method for
background subtraction.

Ex-situ SE measurements have been performed on a CoPi [1 : 0] sample on Si to acquire
k(λ), as is described in section 4.2. For CoPi [1 : 0] moving from a Raman shift of 150 →
1300 cm−1 changes k(λ) by less than 0.1% . The extinction coefficient for CoPi [1 : 0] is low
in the range of the Raman shifts of the measured spectra, with kC < 0.025. A wide range
is estimated for FTO having kF = 0.007− 0.042 [59][60] as these depend strongly on its un-
known deposition conditions. An even lower value is found for soda-lime glass (kS 6 10−6

[61]) which is regarded as fully transparent. Additionally wavelength dependent absorption
is assumed negligible for both the CoPi and FTO layers.

Using the described extinction coefficients kC and kF, both scenarios need to be evaluated in
which Raman spectra are obtained. The first is that of the background spectrum. The second
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involves CoPi deposited on FTO with its collective Raman response constituting the sample
spectrum. Here the same mapping procedure is employed as for FTO to acquire the spec-
trum. Both the scenarios are depicted in Figure 5.3. On the left and right respectively, the
scenarios for the background and sample spectra are seen. Here I0 represents the incoming
laser intensity, with the arrow next to it showing the beam path of the photons. Subsequent
absorption and Raman scattering results in transformations towards intensities In [W cm−2]

for both scenarios. The diagonal arrow indicates Raman scattering in the particular layer, as
its intensity transfers towards neighbouring beam paths.

Calculations on Figure 5.3 involve a number of assumptions. It is relevant to list these to un-
derstand the domain of applicability of the background subtraction procedure. Therefore
the following assumptions hold for the wavelength independent method for absorbing lay-
ers.

• As absorption in the layers is described by Beer-Lambert’s law, it is assumed that the
dependence of the extinction coefficient on wavelength is negligible over the small
range of Raman shifts of interest. Additionally all absorption is assumed to happen
at the excitation wavelength λL of the laser.

• Heating, crystallization and oxidation effects due to the laser beam are not considered.
The case is made in section 5.4 that neither heating nor crystallization are impactful on
the Raman spectrum of CoPi.

• The regions connecting the layers are flat with no roughness, additionally reflective
contributions between layers is assumed negligible. The reflection is mainly caused
by the crystallites at the FTO surface. A mapping is performed to limit these effects
by averaging over the possible curvature differences. Some of these spectra however
show extreme reflective distortion due to the laser going through a gap in between the
crystallites. These spectra are therefore omitted from the data sets.

• No phase dependence of light is considered and therefore no interference occurs.

• The propagation of photon flux through the layers is represented by a single straight-
through beam, therefore no refractive effects are considered. In so changes of laser in-
tensity depth profile through the layers are considered negligible. This is supported
by the depth profile of the laser as can be seen in Figure 5.2b, here showing a similar
Gaussian shape on both halves of the curve, either permeating in air or in the material.

• The soda-lime glass has a negligibly low extinction coefficient (kS 6 10−6 [61]).

• Raman scattering happens homogeneously throughout the layers.

• All Raman scattering happens at the same laser excitation wavelength λL and therefore
no higher order scattering is considered.

• Raman scattering is described by a single constant value for each layer. It describes the
probability of a photon being scattered as it is moving through the whole thickness
of the layer. The probability takes into account losses due to directionality, in so only
scattered photons directed towards the detector are included. Additionally a low prob-
ability (6 10−6) is assumed for each layer.

• The Raman cross section is independent of differences in proximity to the band gap
and supplied power to the volume for each layer. As such a linear dependence is used
between Raman intensity and beam power, similarly described by equation 7.
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Figure 5.3: Schematic overview of beam intensities In with the possible photon pathways. a): Shows
the beam paths comprising the background spectrum. b): Shows the beam paths compris-
ing the sample spectrum.

Looking at Figure 5.3a it can be derived that the intensity I3 corresponds to the background
spectrum shown as the black curve of Figure 5.1a. As such it is useful to describe I3 as a
function of incoming laser light I0. This way the components that the background spectrum
consists of can be described in terms of incoming laser light. In a similar manner one can
derive that the intensity I5 from Figure 5.3b corresponds to that of the sample spectrum.
Finding the expression that connects incoming laser light I0 with I5 is useful to interpret
the sample spectrum. The relations describing the transformations of intensities for both the
scenarios in Figure 5.3 can then be used to find the isolated Raman spectrum of CoPi.

For the analysis each layer absorbs light as given by the Beer-Lambert law:

I(x) = I0 exp
(
−
4πk

λL
x
)
. (13)

The expression shows how incoming intensity I(x) decays as a function of distance x trav-
elled through the medium. For ease of notation the prefactor in the exponent is written as
βi with i the particular absorbing medium:

4πki
λL

= βi,

Here two non-zero beta values are considered with βC and βF for CoPi and FTO respec-
tively. Naturally for fully transparent soda-lime glass βS = 0. Thicknesses for the absorbing
layers are set to be dC and dF for CoPi and FTO respectively. Applying this on Figure 5.3a
with the Beer-Lambert law the initial intensity loss through the FTO can be expressed as:

I1 = I0 exp
(
−βFdF

)
. (14)

To describe the probability of a photon being scattered the value σiR is used. Here i repre-
sents the scattering medium, giving σCR , σFR and σSR for CoPi, FTO and soda-lime glass re-
spectively. The unitless σiR therefore converts an intensity beam into Raman scattered pho-
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tons directed towards the detector and generated randomly throughout the thickness of the
medium. Describing the transformation upon I1 in Figure 5.3a then becomes:

I2 = I1σ
S
R. (15)

The above expression shows the Raman response of soda-lime glass. As it was assumed
transparent the distance the photon travels through the glass is not relevant. It is however
important to note that equation 14 describes only the photons residing from I0 that make
it through the FTO film. There will be a small fraction of photons being back-scattered in
the FTO. As σiR 6 10−6, it can be assumed that Raman scattering has negligible effect com-
pared to absorption and so equation 14 holds true. Noting that Raman scattering is assumed
to happen homogeneously it follows that the scattered photon is created somewhere in the
domain

(
0,dF

)
throughout the FTO layer. As the photon travels through the FTO and back-

scatters the domain of total distance travelled becomes
(
0, 2dF

)
. As such the eventual amount

of absorption on the Raman scattered photons depends on the location of the scattering
event. Taking the weighted average per photon results in the following expression:

1

2dF

∫2dF
0

exp
(
−βFx

)
dx.

This expression indicates the average loss in intensity of all photons that are Raman scat-
tered in FTO. Using this to find an expression for the outgoing intensity I3 in Figure 5.3a
gives:

I3 = I2 exp
(
−βFdF

)
+ I0

σFR
2dF

∫2dF
0

exp
(
−βFx

)
dx.

This result can then be combined and substituted with equations 14 and 15 giving the ex-
pression for the Raman background spectrum, ~BR, as:

~BR = I0σ
S
Re

−2βFdF + I0
σFR
2dF

∫2dF
0

e−2βFxdx. (16)

The above equation now nicely describes the background spectrum as a function of incom-
ing laser light. A vector notation is used for ~BR as to indicate a flux of photons directed
towards the detector. The first term represents the photons created in the soda-lime glass
while the second term those created in the FTO.

For the second scenario as depicted in Figure 5.3b a similar analysis can be performed. Us-
ing the Beer-Lambert law absorption can be described through CoPi and FTO, as respec-
tively:

I1 = I0 exp
(
−βCdC

)
(17)

and

I2 = I1 exp
(
−βFdF

)
. (18)

Beam I2 then causes a Raman response in the soda-lime glass expressed as:

I3 = I2σ
S
R. (19)

For the beam I4 two contributions have to be considered. On the one hand beam I3 being
absorbed in FTO, while on the other hand the Raman scattered contribution due to beam I1.
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Here again note that σiR 6 10−6 in so both equations 17 and 18 are negligibly influenced by
Raman backscattering in CoPi and FTO. Using again the weighted average per photon for
absorption results in the following expression:

I4 = I3 exp
(
−βFdF

)
+ I1

σFR
2dF

∫2dF
0

exp
(
−βFx

)
dx. (20)

Similarly for beam I5 two contributions reside from beams I4 and I0, in the form of respec-
tively absorption and Raman backscattering. This results in the expression:

I5 = I4 exp
(
−βCdC

)
+ I0

σCR
2dC

∫2dC
0

exp
(
−βCx

)
dx. (21)

With the expressions for I4 and I5 and equations 17, 18 and 19 the expression for the Raman
sample spectrum, ~SR, can be found as:

~SR = exp
(
− 2βCdC

)[
I0
σCR exp

(
2βCdC

)
2dC

∫2dC
0

exp
(
−βCx

)
dx+ . . .

I0σ
S
R exp

(
− 2βFdF

)
+ I0

σFR
2dF

∫2dF
0

exp
(
−βFx

)
dx

]
.

As the term exp
(
− 2βCdC

)
has been factored out, within the brackets it can be seen that the

second and third terms are equal to ~BR. This way the above expression can be simplified as:

~SR = I0
σCR
2dC

∫2dC
0

e−2βCxdx+ e−2βCdC ~BR. (22)

The first term now shows the contribution towards the Raman signal coming from CoPi
while the second term is some scalar of the background spectrum. Note that the term in
front of ~BR is a constant between 0 and 1, while being purely dependent on the absorption
in and thickness of CoPi.

5.3 Applying the procedure on CoPi

Equation 22 shows that the isolated CoPi spectrum can be found by subtraction of an appro-
priately scaled down version of the background spectrum. In the form of an expression this
would become:

[CoPi]R = ~SR −K · ~BR, (23)

with [CoPi]R the isolated CoPi Raman response and K a constant. The equation is imple-
mented with a Matlab script using the spectra of both the background and sample. Further
details on the Matlab script are given in Appendix E.

The red curve in Figure 5.1a corresponds to CoPi [1 : 0] appearing at higher intensities than
that of the background spectrum. Interestingly this would imply the value of K to be above
1 for a consistently carried out background subtraction. This can be explained by a short-
coming in the theory described in the previous section. As there is one reflective component
in the background spectrum that is unique and two for the sample spectrum (similarly con-
cluded for other thin film materials in [62]). These are reflection happening at the interfaces
from air to FTO, air to CoPi and CoPi towards FTO respectively. All other interfaces would
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be shared between the scenarios in a multiplicative manner and will not alter the relations
found between the intensities In. This is however not the case for I0. As it was assumed that
for both scenarios I0 is equal, the difference in reflection at the initial interfaces causes some
offset between them. Evidently the spectra then show FTO to be more reflective than CoPi.
As the deposited samples becomes more absorbing however the reflective deviation is rela-
tively small. This then results in spectra that are less intense than the background spectrum
(as is seen for CoPi [5 : 1] in Figure 5.1a). The Matlab script is therefore altered so that it can
carry out the background subtraction for K values above unity.

Figure 5.4: Isolated CoPi [1 : 0] Raman spectrum resulting from the wavelength independent method
for absorbing layers. This spectrum is calculated from the background and sample spec-
tra. Both of these are obtained from 40× 47 s measurements, each on an unique location
of the material surface (see section 5.4).

Using the described subtraction procedure the graph in Figure 5.4 is obtained, showing the
Raman response corresponding to CoPi only. Here the symmetric stretching modes A1g at
700 cm−1 and ν1 at 970 cm−1 can be seen, indicating a response of respectively cobalt oxide
and orthophosphate. Additionally negative intensities are found above 1050 cm−1, caused
by a mismatch in the shapes of the sample and background spectrum in this region. More
explanation on this effect is discussed in section 6.5. The background subtraction method
described in this section can produce isolated Raman spectra of deposited materials with a
weak intrinsic response. The example showcased of CoPi [1 : 0] is chosen as it exhibits the
weakest Raman response of the set of CoPi samples under investigation. Thereby it can be
concluded that the methods will be sufficient for obtaining accurate Raman spectra for the
remaining CoPi samples of the set.

5.4 Signal optimization

Raman spectra can be measured with different configuration settings, which can greatly in-
fluence the quality of collected information. As is the case for any spectroscopic technique
the signal-to-noise (SNR) indicates the limitation on the extracted analytical information.
This section aims to describe the relevant quantities contributing to the spectrum noise and
describes the procedures to find the optimal setup conditions.



background subtraction in raman spectroscopy 37

A good analysis on the aspects surrounding the SNR of Raman spectroscopy is given in
[63]. Here the SNR is defined as the inverse of the relative standard deviation of the mea-
sured value. In practice this means that a Raman band can be analysed in terms of signal
and noise. The average amount of counts around the Raman band is defined as the signal, S̄.
With the standard deviation of the band in this range set as σy, the SNR is calculated with
the following expression [63]:

SNR =
S̄

σy
.

Finding the standard deviation requires two identical measurements to be performed. The
same slice of statistics is probed between the measurements at each Raman shift. By sub-
tracting the spectra from each other the background and bands are removed and only the
noise remains. Here σy of the Raman band can be found from the standard deviation of the
noise in its range divided by

√
2. An example of this is shown in the Figure 5.5b. On the

left spectra of two identical measurements are given while on the right their difference spec-
trum. By choosing a particular range here the SNR can be calculated.

Figure 5.5: On the left two Raman spectra of CoPi [5 : 1] are shown. Each of these are mapped on a
different location for three times 47 seconds. On the right the difference between the set
of two spectra is shown.

Important is to note that σy does not purely represent the statistics of the Raman processes.
This can only be assigned to Raman scattered photons. As the CCD converts the light into
electrons the detector dark noise, σd is introduced via thermal excitation rather than absorp-
tion of photons. In a similar manner converting the analog signal to digital adds a readout
uncertainty, σr. While scanning through wavelengths in the spectrometer the flicker noise,
σF, is added. Considering also the signal and background shot noise, σS and σB respectively
all noise sources are described as [63]:

σy
2 = σS

2 + σB
2 + σd

2 + σF
2 + σr

2.

The uncertainties described here will contribute in a different manner depending on the
measurement configuration. Instead of accounting for the contributions in a theoretical man-
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ner a series of measurements are performed to find the optimal setup conditions. The main
parameters to consider here are the total measurement time and scan repetitions.

An additional thing to consider now is that the material being investigated is sensitive for
the influx of laser photons. Mainly it is seen that the soda-lime glass suffers from heating
and/or crystallization effects in the 1100 − 1300 cm−1 Raman shift range. The spectrum
here will shift upwards during repeated measurements on the same location on the sur-
face. The measurement time, magnification and laser power are together the determining
factors for when this can occur. After trying a number of configurations a magnification of
50× paired with a 1 mW laser power is chosen. Here the measurement time is left variable
so it can be optimized. A set of measurements is performed at an equal total measurement
time. Each of the measurements consists of two identical runs on the same location on the
surface. From this an assessment can be made, if the spectra are not considerably shifted,
then degradation, heating and crystallization are limited.

Additionally the SNR ratios can be calculated to find the optimal runtime per scan. The Fig-
ure 5.6 shows the resulting SNR for various scan repetition counts while holding the total
measurement times at 140 s. Here the investigations are performed on the most absorbing
film of the deposited series, CoPi [5 : 1], in so exacerbating any degradation effects that
could occur. The SNR is calculated for different Raman shift ranges. The SNR in the range
of 400− 800 cm−1 is for FTO & Co3O4 while 900− 1200 cm−1 is linked with the orthophos-
phate and soda-lime glass of the material. Conveniently the setup with three repetitions
of 47 s shows the best SNR for all ranges. As such it is assumed that scans of 47 s collect
the Raman signal optimally, while avoiding heating and/or crystallization. The Figure 5.5a
shows the two spectra using this configuration, each three times 47 s on the same location.
From the difference spectrum it can be seen that a weak shift occurs between the two mea-
surements, especially towards higher wavenumbers. The benchmark used is therefore cho-
sen on the safe side, with a 47 s scan-time per new location on the material surface.

Figure 5.6: Four different measurements combinations with their signal-to-noise ratios are shown for
different Raman shift ranges, each performed on a CoPi [5 : 1] film. For all the points the
total measurement time equals 140 seconds.
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6 vibrational analysis of cobalt oxide and copi

This chapter explores the vibrational spectroscopic techniques of Raman spectroscopy and
IR absorption. Here the main focus is on the vibrational characteristics of amorphous cobalt
phosphate. For a description on the vibrational characteristics of CoPi its components are
separated and described individually. It is not obvious how hybrid materials containing
both CoPi and Co3O4 units behave in terms of allowed scattering processes. As such no
fundamental descriptions of the Raman & IR modes of CoPi are found in literature. There
are some indications that the Co3O4 spinel structure plays a crucial part of CoPi with its
Raman & IR spectra (further discussed in section 6.4). For an additional understanding of
the Raman modes of Co3O4 its corresponding atomic motions are discussed in section 6.1.
An analysis of the vibrational characteristics of cobalt oxide is given in section 6.2. Further
discussion on the FTIR literature on cobalt oxide is given section 6.3. An overview of the lit-
erature of CoPi as it pertains to its scattering response and structure is given in section 6.4.
Comparisons are made here between the literature and ALD materials (amorphous CoPi
& Co3O4) of this thesis. Subsequently each of the subsections of section 6.4 is summarized
in section 6.4.5, with the focus being on connecting the phonon mode characteristics to the
microstructural aspects of CoPi. Lastly an analysis of amorphous ALD CoPi thin films is
given by looking at the vibrational spectra of six distinct CoPi materials. These investiga-
tions performed on the thin films are Raman microscopy (in sections 6.5 & 6.7) and Fourier-
transform IR absorption (in section 6.6). Additionally in section 6.7 an analysis is given for
each of the Raman mode peaks separately. Moreover the section draws new conclusions
about the cobalt phosphate microstructure and an interpretation is given for the data of the
fitted Raman peaks.

6.1 Atomic motions for Co3O4 Raman modes

For a good analysis on the structural characteristics of a material it can be important to as-
sign atomic motions to the detected Raman phonon modes. There is a wide range of studies
that have proposed and made the case for certain atomic motions being connected to modes
of vibrational species. This section aims to bring these to light and explore to what extent
claims can be applied to the Raman modes of Co3O4. In order to work towards this end a
number of cobalt based spinel oxides are discussed. Some of the characteristics found for
the phonon modes are then compared with studies that are more closely related to the cubic
spinel oxide structure of Co3O4. In this sense the phonon modes are connected with atomic
motions while taking into account possible local structural considerations.

Studies in [28] and [36] investigated the spinel oxide LiCoO2 for its spectroscopic proper-
ties. The compound has the symmetries of the hexagonal R3m space group, that is predicted
to exhibit five active Raman modes. These are the A1g + Eg + 3F2g [28] with phonons simi-
lar to those of Co3O4. In the works [28][36] the case is made that the A1g mode here is due
to symmetrical stretching of Co−O while the Eg mode is due to symmetrical bending of
O−Co−O (both are also proposed in [37] and for Co3O4 in [43]). Additionally studies on
a similar spinel structure LiMn2O4 in [37] proposed the A1g mode to be assigned to the oxy-
gen oscillations of Mn2+ in octahedral configuration. The question however still stands to
what extent the phonon atomic motions of cobalt oxide are related to those of other transi-
tion metal oxides. It is particularly important that comparisons are made with materials that
have a more similar tetrahedral make up in terms of charge and mass compared to the octa-
hedral transition metal centres. This is expected to weaken the comparison that can be made
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with Co3O4 [37], where the tetrahedral unit CoO4 is not weakly connected to the overall
structure as it is for LiO4 in LiCoO2 & LiMn2O4. Research that pertains to spinel oxides
with more similar tetrahedral & octahedral sites should therefore be regarded as stronger
evidence for linking atomic motions to Raman modes.

Studies on inverse spinel oxides can be revealing of the roles of tetrahedral & octahedral
sites in terms of scattering phonon modes. Good examples of these are the research in [39]
that investigates PSE-CVD grown cobalt oxide with iron doping/inversion (Co3−xFexO4).
The measurements here show Raman bands being shifted as function of Fe doping. It is
found that the octahedral 3+ transition metal centres are mainly responsible for the A1g and
to a lesser extent the Eg mode band positions [39]. Similar connections are made in [64], that
investigates ED grown cobalt oxide with Ni insertion (NiCo2O4). Here it is shown that the
frequency A1g involves oscillations that are mostly determined by the sites in octahedral
configuration. Additionally the frequencies Eg and F2g(2) result from combined vibrations
due to tetrahedral and octahedral sites [64].

Additional works explored properties of the spinels Fe3O4 (grown into nanocrystals [29])
and CoFe2O4 (synthesized by thermal decomposition of cobalt-iron glycerolate [65]). The
materials pertain to the same representation of Raman modes, Γvib = A1g + Eg + 3F2g,
with bands found at similar positions as for Co3O4. For both studies [65][29] phonon modes
are assigned for A1g and Eg as respectively the symmetric stretching of Fe−O and bending
of Fe−O−Co. Similarly asymmetric motions are identified as, Fe−O stretch for F2g(2) and
Fe−O−Co bending for F2g(3). Additionally the F2g(1) mode is ascribed to the whole trans-
lation of the tetrahedron in the structure.

A thesis work on spinel oxides (D. Hosterman [35]) investigated the connection between Ra-
man modes and atomic motions, finding similar results. Here the case is made that all oscil-
lations involve only the tetrahedral unit. The A1g mode is described as oxygen atoms mov-
ing away from the tetrahedral centre along the direction of the bonds [35]. Here with sta-
tionary tetrahedral & octahedral transition metal ions during the vibration. The Eg mode is
the symmetric stretching of Co−O bonds with the F2g(1) again ascribed to the whole trans-
lation of the tetrahedron [35]. The F2g(2) mode involves oxygen atoms in the tetrahedral
unit moving in one direction, with the transition metal ions going in the opposite direction
[35]. Lastly there is conflicting interpretation of the F2g(3) in literature, here proposed as ei-
ther asymmetric stretching or bending of anions in the CoO4 unit [35]. However The F2g(3)
mode in the other reports discussed, [65][29], links it to an asymmetric bending mode.

From the literature on various cobalt based materials a number of common trends can be
found involving the ascribed vibrational motions. First the A1g and Eg mode exhibit consis-
tent characteristics throughout the works of research. The A1g and Eg phonons can there-
fore be ascribed to symmetric Co-O breathing and O−Co−O in plane bending motions re-
spectively. Specifically, this results from cobalt based materials that are both similar and
dissimilar to Co3O4. Further investigations on specifically spinel oxides result in consis-
tent vibrational characteristics for the F2g(1) and F2g(2) modes. Particularly the atomic mo-
tions of the F2g(1) phonons can be described as a complete translation of the cobalt tetrahe-
dron. For F2g(2), asymmetric stretching motions of the bonds are connected to the phonon
mode. Lastly the atomic motions connected with F2g(3) phonons in spinel oxides are as-
cribed to asymmetric stretching or bending. It is proposed that the works on Fe3O4 in [29]
and CoFe2O4 in [65] most likely represent the phonon characteristics of the F2g(3) atomic
motions in Co3O4. The F2g(3) phonon mode is therefore connected to asymmetric bend-
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ing motions in the cobalt tetrahedra. The ascribed atomic motions are depicted in Figure 6.1
with their corresponding normal mode designations.

Figure 6.1: The Raman phonon modes, A1g, Eg & 3F2g with their ascribed atomic motions for
Co3O4. Here the white spheres indicate oxygen while in dark yellow the cobalt atoms
with its bonding vectors are depicted. Additionally is indicated which type of transition
metal centre configurations (Td or Oh) are connected with the phonon mode oscillation.
Images edited from the SI of [29] - published by The Royal Society of Chemistry

The space group analysis performed on Co3O4 predicts the Raman phonons Γvib = A1g +

Eg + 3F2g, as described in section 2.5 & Appendix B. This is essentially the result of sum-
ming over all the cobalt and oxygen atoms in the spinel structure in terms of contributions
towards Raman allowed oscillations. As CoPi is characterized by an amorphous structure,
with the introduction of neighbouring phosphate anions, the fine symmetries are definitely
expected to be distorted. Therefore any correlated atomic motion towards a Co3O4 structure
would be connected to a lesser extent with atomic oscillations in CoPi. The assignments of
the atomic motions should therefore be used as qualitative indicators for the structural sur-
roundings of the vibrational species. Lastly the designations that connect the Raman mode
vibrations to tetrahedral & octahedral site configurations should be regarded as broad indi-
cators and no direct relations can be extracted from them.

6.2 Cobalt oxide: Raman literature review and comparison with ALD films

In this section Co3O4 is investigated which is regarded as one of the main components of
the CoPi vibrational response. Here a literature overview is given of cobalt oxide and com-
parisons are made with the ALD Co3O4 film of this thesis work. Studies have extensively
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investigated spinel oxides and their local symmetries. For crystalline Co3O4 a spinel struc-
ture is used as a benchmark, more details on the vibrational characteristics are described in
section 2.5.

There are two known stable oxides for cobalt, CoO and Co3O4. Studies show Fourier trans-
formed infrared (FTIR) and Raman spectroscopy to be effective and non-invasive methods
for characterization of cobalt oxides showing varied results for nanoparticles, nanowires and
thin films [16]. All five Raman bands of (ALD) Co3O4 are observed in Figure 6.2. There are
numerous studies that have identified the band positions of the normal modes of Co3O4 as
is shown in Figure 6.3. It can be seen from the different Raman mode band positions that
there is an experimental offset between the studies. Taking this into account all the Raman
modes are in good agreement with each other showing a narrow range for the band posi-
tions. Additionally the band positions found from the ALD deposited Co3O4 of this work
agrees nicely with the literature.

Figure 6.2: Raman spectrum of 27 nm thick ALD crystalline Co3O4 is shown and compared with
those found in literature. For the ALD Co3O4 a soda-lime glass substrate is used and its
spectrum has undergone background subtraction according to the procedure in Chapter
5. Solution grown electrodeposited (ED) cobalt oxide with a laser excitation wavelength
of 458 nm shown as the red curve (graph taken from [14] - published by the American
Chemical Society). Pulsed spray evaporation chemical vapour deposition (PSE-CVD) of
cobalt oxide [39] with a laser excitation wavelength of 647 nm shown as the green curve.
The curves (PSE-CVD) and (ED) have their intensities normalized to the highest peak of
the (ALD) curve.

Additionally in Figure 6.2 Raman spectra can be seen for cobalt oxide, either grown via
pulsed spray evaporation chemical vapour deposition (PSE-CVD) [39] or electrodeposited
from solution (ED) [14]. The Raman spectra clearly show consistent band positions of the
peaks between the deposition methods. Additionally for each of the spectra, there are large
differences in relative peak heights. This can be explained by the difference in laser excita-
tion wavelengths used. As described in [14] a laser photon energy of 2.7− 2.9 eV falls within
the absorption maximum for the electronic hopping transitions (intersite d−d) between
neighbouring Co ions in Co−O−Co molecular units. As both the curves (ALD) and (ED)
have laser excitation energies of respectively 2.41 and 2.71 eV, they fall in the domain of Ra-
man resonance [36][33] and indeed show similar relative band intensities. For the curve of
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Figure 6.3: Band positions of the five Raman phonon modes of cobalt oxide (Co3O4) as found in
literature. The corresponding data points in the graph are also given in Table 8 of Ap-
pendix D. Additionally the corresponding literature works of the legend are given from
top to bottom order: [43][39][66][67][68][69][27][70]. ALD Co3O4 that is investigated in
this work is also depicted, the band positions are taken from its Raman spectrum in Fig-
ure 6.2.

(PSE-CVD) the laser energy of 1.89 eV is below that needed for resonant enhancement and
results in a different response. The Raman spectra of Figure 6.2 show that the ALD process
used for growing Co3O4 results in consistent characteristics that can be well explained. This
is important as the same precursor ALD growing method is used for the incorporation of
cobalt oxide into CoPi.

As it is unclear if the scattering response of CoPi can exhibit CoO based signals, it is im-
portant to rule out this possibility. It can thereby provide support for regarding CoPi with
Co3O4 as its only cobalt based component. Furthermore the same investigation can be done
for ALD Co3O4 to determine if it contains CoO structural motifs. The Raman response of
CoO in literature shows some conflicting results however as is discussed in [16]. Here it is
concluded that the room temperature Raman response of CoO is dominated by the the dou-
ble phonon scattering LO mode found at ∼ 1060 cm−1 [16]. Inspecting the spectrum of ALD
grown cobalt oxide in Figure 6.2 around the Raman shift of 1060 cm−1, indeed no bands
that would result from CoO phase are detected in the material.

6.3 FTIR of cobalt oxide

Co3O4 is predicted have four modes that are IR active, Γvib = 4F1u [27][35], as is also de-
scribed in section 2.5. Two of the symmetries, 2F1u, appear below 400 cm−1 which is out-
side of the accessible range of the IR detector that is used. These modes (υ3 & υ4) are there-
fore not explored further. The remaining two bands can be assigned to vibrations in the
spinel structure that cause a change in dipole moment. The band υ1 is connected with the
OB3 spinel phonon mode, where B indicates Co3+ ions in octahedral configuration [69][71][72].
Similarly the band υ2 is connected with the ABO3 spinel phonon mode, where A indicates
Co2+ ions in tetrahedral configuration [69][71][72]. The υ1 vibration only involves oscilla-
tions of cobalt octahedra while υ2 requires a mix of both octahedral and tetrahedral units.
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The υ2 phonon mode is therefore regarded as a rough indicator of tetrahedral cobalt content
in the material under investigation. The FTIR spectrum of ALD Co3O4 is given in Figure 6.4,
here also indicated are the cobalt oxide IR spinel phonon modes.

Figure 6.4: FTIR spectrum of 27 nm thick ALD crystalline Co3O4. Indicated are the IR phonon
modes: ABO3 at frequency υ2 = 656 cm−1 and OB3 at frequency υ1 = 559 cm−1.

Each of the cobalt oxide modes can exist in two forms, either transversal optical (TO) or
longitudinal optical (LO). The splitting is characterized by a difference in energy between
the LO and TO phonons. Furthermore the splitting of the phonon modes is typically not
discussed in literature nor is it well described what geometry the FTIR spectra are mea-
sured in. The study [16] explores these aspects shining light on the fine characteristics of the
mode splitting. FTIR spectra of Co3O4 with IR incidence normal to the film probes only TO
modes, these are found to be at, υ1 = 557 cm−1 and υ2 = 657 cm−1. For FTIR at an oblique
beam angle, only the p-polarized light is coupled to the LO mode. Here bands are found at
υ1 = 602 cm−1 and υ2 = 682 cm−1. Looking at the IR bands of ALD Co3O4 in Figure 6.3
it can indeed be seen that only the TO phonon modes are probed, with υ1 = 559 cm−1 and
υ2 = 656 cm−1.

During the absorption of infrared photons we have the wave vectors for incoming laser
light kL and scattered phonon ~q as shown in Figure 2.2. For θ = 0◦ geometries during
the FTIR measurements performed in this thesis (and assuming also in the works of liter-
ature discussed here), kL and ~q are perpendicular to the substrate. Therefore the incom-
ing laser light has its polarization parallel to the substrate and only TO modes are mea-
sured [16][27]. A number of studies have investigated the IR absorption of Co3O4 and CoO
in various forms, either powder [16][27] or crystalline nanoparticles [69] and grown via
methods such as molecular beam epitaxy [40], solution grown [72] and electrodeposited
[8]. The studies agree well with each other and give a range for the Co3O4 band positions
with υ1 = 557 − 575 cm−1 and υ2 = 657 − 661 cm−1. Similarly for CoO a broad band
centred in the range of 500− 510 cm−1 is found. Interesting to note here is that the ranges
found for the Co3O4 IR modes are very narrow while also resulting from different material
forms. This indicates that only tiny differences should be expected from altered deposition
methods or experimental setups. It can be seen in Figure 6.3 that the band positions of the
phonon modes of ALD Co3O4 both correspond well with the literature values. Lastly no
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CoO response is detected near ∼ 500 cm−1 indicating that the cobalt oxide grown via ALD is
indeed primarily in the Co3O4 phase.

6.4 Cobalt phosphate vibrational response and structure

While the previous sections describe the vibrational properties of Co3O4 and the resulting
Raman & IR response, this section aims to so for CoPi. The investigations on the CoPi Ra-
man & IR response can then shed light on various considerations that complicate the anal-
ysis of the corresponding spectra. Moreover the description of the vibrational response of
CoPi is regarded as a collection of cobalt oxide and phosphate features. This way the infor-
mation from the Raman and IR spectroscopic literature of CoPi is used to infer qualities of
its microstructure.

A number of studies have investigated CoPi and make the case for structural motifs consist-
ing of edge-sharing CoO6 octahedra for crystalline [8][13][73] or amorphous [19][73] CoPi.
In order to describe the arrangement of the cobalt oxide and phosphate units in CoPi simply
the term structure will be used from here on out. For a description on the vibrational pro-
cesses in CoPi initially a simplified structure is considered. Here the amorphous nature of
ALD CoPi is assumed to generate spinel-type cobalt oxide clusters of various sizes [19] that
are connected via phosphate units [73]. For CoPi with CoOx clusters above a certain size it
is then expected that the Raman & IR response consists mostly of that of cobalt oxide and
orthophosphate. The vibrational qualities of CoPi are explored by considering each of the
its bonds separately, in so to infer qualities of its structure. Moreover within the CoPi struc-
ture various local environments can then be identified. The presence and proximity of the
phosphate units here is considered as an important factor for which lattice symmetries can
be maintained/formed.

6.4.1 Cobalt oxide in CoPi − Raman

A comparison between the Raman spectra of ALD grown CoPi [1 : 0] and Co3O4 are de-
picted in Figure 6.5. For CoPi [1 : 0] it can be seen that two broad bands are observed at
∼ 700 and ∼ 970 cm−1, clearly indicating its amorphous structure. The spectra of ALD
grown CoPi [1 : 0] and Co3O4 show the Raman response of cobalt oxide in respectively a
disordered and ordered lattice arrangement. Interestingly the fine detail of the five cobalt
oxide Raman modes collapses into a single band for ALD CoPi. The latter band is symmet-
ric and centred around the A1g mode band position of ALD Co3O4. From this it can be con-
cluded that for ALD grown CoPi [1 : 0] the symmetries in the cobalt oxide lattices can be
distorted by either its amorphous nature or the neighbouring phosphate units. Furthermore
as cobalt oxide can exist in two stable forms, it is important check for the presence of CoO
species in the CoPi samples, as was done for ALD Co3O4 in section 6.2. Looking at the Ra-
man spectrum of CoPi [1 : 0] near ∼ 1060 cm−1 it can indeed be seen that no CoO response
is detected. This supports the assumption made about the cobalt oxide clusters in CoPi to be
of a spinel type structure.

Raman spectroscopy on CoPi in literature pertains mainly to electrodeposited samples, ei-
ther amorphous (a-ED) or crystalline (c-ED). The energetic landscape during growth here
is fundamentally different than that of CoPi produced with gaseous precursors via plasma
assisted ALD. In Figure 6.5 the Raman spectra can be seen for both a-ED CoPi [14] and c-
ED CoPi [8]. For both of these curves the intensities have arbitrary scaling. Additionally the
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Figure 6.5: Raman spectra of CoPi and Co3O4 produced via various methods are shown. The blue
curve is crystalline cobalt oxide and the red curve CoPi [1 : 0], both of these are ALD
materials. These spectra have undergone background subtraction according to the proce-
dure in Chapter 5. Solution grown electrodeposited CoPi spectra are shown as either the
orange curve for the crystalline case [8] or the green curve for the amorphous case (graph
taken from [14] - published by the American Chemical Society). All of the spectra shown
have arbitrary units for their intensities, except for the one of Co3O4.

crystalline electrodeposited CoPi structure is shown in Figure 6.6 which is derived from den-
sity functional theory (DFT) calculations [18]. Looking at the region of 400 − 650 cm−1 in
Figure 6.5 four peaks of the c-ED CoPi can be seen. These peaks would match best with
those found for crystalline Co3O4, considering the spacing between both their peaks cor-
respond nicely. For c-ED CoPi the four Raman modes are then displaced by 40 − 80 cm−1

towards lower Raman shifts. A shift this large can typically not be explained by a different
experimental setup. Considering the special deposition environment of c-ED CoPi, it would
necessitate a regular shift in vector distributions (Co−O & Co−Co [19]) of its lattice com-
pared to that of crystalline Co3O4. This then causes a shift in Raman band positions due
to the change in lattice stress. Additionally the environmental make up for the vibrational
species is different with local symmetry distortions and the disordering of transition metal
ions within the spinel structure [74]. In turn this can lead to great shifts and deformation of
Raman bands [74]. Additionally c-ED CoPi is found to be made up by Co2+O6 octahedra
forming sheets with phosphate units in between [8][19]. This structure is depicted in Fig-
ure 6.6 from two perspectives, either revealing the phosphate units in between the sheets
or the cobalt distribution in the sheets. Lastly the ionic surroundings are altered, as c-ED
CoPi should mainly consist of Co2+O6 octahedra while Co3O4 would also contain 3+ ions.
It stands to reason then to assign the four c-ED CoPi peaks in the region of 400− 650 cm−1

to those of cobalt oxide. This way the four indicated Co3O4 peaks in Figure 6.5 (Eg, F2g(2),
F2g(3) & A1g) are shifted towards the lower wavenumber side for c-ED CoPi.

The green curve in Figure 6.5 corresponds to a-ED CoPi showing a single broad band around
∼ 590 cm−1. Interestingly the fine detail of the four modes of c-ED CoPi collapses into a sin-
gle band that is approximately symmetric and centred around its shifted A1g mode band
position. It therefore seems that the amorphous nature of the a-ED CoPi deactivates its three
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Figure 6.6: The crystalline electrodeposited CoPi structure is shown, either revealing the phosphate
units in between the sheets (left) or the cobalt distribution in the sheets (right). For both
images the red spheres indicate oxygen and magenta the phosphate tetrahedral units.
Lastly the dark yellow polyhedra correspond to cobalt in either octahedral or distorted-
bipyramidal Co4 polyhedron configuration. Below lattice constants a, b and c are shown.
Images taken from [18].

shifted modes, Eg, F2g(2), F2g(3). This indicates that the occurrence of these Raman modes
is more dependent on the symmetries of the lattice structure compared to that of the A1g
phonon mode. Interestingly for the Raman spectra of the ALD grown CoPi [1 : 0] and
Co3O4 a similar connection is made. Both a-ED and c-ED CoPi contain cobalt oxide clus-
ters neighbouring phosphate units, the latter can then be excluded as an explanation for
the breaking of the symmetries. The observations of the Raman responses can then conclu-
sively be explained by the amorphous nature of ALD CoPi deactivating the three modes, Eg,
F2g(2), F2g(3). Here the A1g mode exhibits less dependence on to the fine symmetries in the
cobalt oxide lattice. More observations and explanation on this effect is given in sections 6.5
& 6.7. The comparison between the ALD and c-ED CoPi in terms of cobalt oxide Raman re-
sponse shows different characteristics. The CoOx clusters in ALD CoPi [1 : 0] do not show
a shift in cobalt oxide Raman band positions, while the opposite is true for c-ED CoPi. Fur-
thermore Raman investigations on the more cobalt-rich recipes in section 6.5 show this to be
true for the whole sample series. This supports the designations of the cobalt oxide clusters
being of the spinel type structure in ALD CoPi.

6.4.2 Phosphate in CoPi − Raman

The isolated PO3−4 ion is of the tetrahedral (Td) symmetry and is predicted to have nine Ra-
man vibrational modes [75] given as Γvib = A1g + Eg + 3F2g. The representation contains
four frequencies labelled as; ν1,ν2,ν3 & ν4. From the non-degenerate A1g symmetry the
P−O symmetric stretch follows as the ν1 frequency [75][76][77][78]. The double degenerate
Eg symmetry corresponds to ν2 with a symmetric O−P−O bending mode [75][76][77][78].
Both of these symmetries are shown in Figure 6.7 with the ascribed atomic motions. The
triple degenerate F2g corresponds with ν3 connected to asymmetric P−O stretching and P
displacement while ν4 is linked towards the asymmetric O−P−O bending mode [75][76][77][78].
Figure 6.7 depicts these ascribed atomic motions for the F2g symmetry. The theoretical de-
scription of the Raman modes of phosphate can however not be applied directly as it only
pertains to its unaltered state. As it is introduced into a lattice structure distortions are in-
duced on the PO3−4 tetrahedron modifying its internal bond lengths and angles [75]. Addi-
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tionally ideal symmetry planes are misaligned causing splitting of the four Raman modes
[75]. This causes variability in the reported phonon mode band positions and complicates
the spectroscopic analysis.

Figure 6.7: The Raman phonon modes of the A1g, Eg & triply degenerate F2g symmetries, with their
ascribed atomic motions for the phosphate tetrahedron. Here the white spheres indicate
oxygen while in magenta the phosphorus atoms with its bonding vectors are depicted.
For the oscillations the corresponding frequencies ν1, ν2, ν3 & ν4 are given. Images
edited from the SI of [29] - published by The Royal Society of Chemistry

For a description of the Raman response of phosphate tetrahedral units in CoPi a number of
studies can be considered. There is a rich amount of literature on phosphate glasses and
phosphate groups incorporated in transition metal materials that differ in their reported
band positions. Another distinction that should be made is that the pure orthophosphate
Raman response is different from the longer chained arrangements of pyrophosphate that
contain P−O−P bonds. This contention is not typically investigated as it can be difficult to
ensure none of these bond are present. It is therefore hard to conclusively assign modes to
PO3−4 vibrations, especially as pyrophosphate Raman modes appear within a similar Raman
shift range (800− 1200 cm−1 [79]) depending on which material they are contained in.

Transition metal phosphates can be investigated to get a measure of the expected Raman
band positions and there are some reported cases in literature of materials that are similar
to CoPi. Raman spectroscopy performed in [77] with LiCoPO4 shows phosphate vibrational
bands near ∼ 1000 cm−1. The strongest Raman band, ν1, is the symmetric stretching mode
at ∼ 945 cm−1. Weaker bands, ν3, are observed, assigned to asymmetric stretching, found at
∼ 1000 and ∼ 1070 cm−1. In the lower Raman shift range a number of PO3−4 bending modes
are observed of weaker intensities. These are the ν2 at ∼ 480 cm−1 and ν4 found in the
range of ∼ 590 − 690cm−1. Similarly work in [76] shows Raman spectra of FePO4, exhibit-
ing a single phosphate vibrational band at ∼ 1010 cm−1 corresponding to the ν1 symmetric
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stretching mode. Additionally two other forms of Fe3(PO4)2 are investigated in [76], either
(A) or (B), with ν1 vibrational modes found at ∼ 970 cm−1 and ∼ 975 cm−1 respectively. For
these two materials weaker bands are observed, at ∼ 930 cm−1 and from 1015− 1080 cm−1

coming from asymmetric stretching, showcasing reduced symmetry. Additionally bending
modes ν2 and ν4 are found in the range of 230− 580 cm−1 for the various iron phosphate
materials.

The studies seem to agree well on the band positions of the symmetric and asymmetric
stretching modes, ν1 and ν3 respectively. Here falling in the ranges, ν1 ∼ 950− 1000 cm−1

and ν3 ∼ 1000− 1080 cm−1. The modes ν2 and ν4 are scattered throughout a bigger range
of 230 − 690 cm−1. These ranges for the Raman modes agree roughly with those found in
literature. In particular studies that investigated a collection of phosphate minerals [80] and
calcium salts/apatites [75][81] for their spectroscopic qualities. Looking back at the Raman
spectrum of c-ED CoPi shown as the orange curve in Figure 6.5 a series of bending modes
ν2 can be seen in the range of 200 − 350 cm−1. The four peaks in the region of 400 − 650
cm−1 are assigned to those of the cobalt oxide Raman response. It is however possible that
some of these result from ν4 asymmetric bending modes. This could particularly be the case
at 470 and 610 cm−1 since the peaks here are not symmetric as if there is an additional band
nearby them.

From the studies on the phosphate phonon modes it can be concluded that the ν1 and ν3
are stable and show little variation in band positions as they are contained in different mate-
rials. This indicates that the symmetries of these frequencies are inherently less affected by
the environment. These are the A1g symmetry for ν1 and F2g for ν3, as can be seen in Fig-
ure 6.7. Interestingly a similar result is found for Co3O4. Here its Raman mode connected
with the A1g symmetry shows stable characteristics in terms of band positions for varying
local structure. These findings support the assertion made at the end of section 2.5. Here the
case is made that the non-degenerate A1g symmetry shows intrinsic differences in terms of
the operators it represents compared to the degenerate symmetries, F2g and Eg.

The phosphate vibrational modes are investigated in depth for a-ED CoPi in [82]. Here the
case is made that during catalyst formation phosphate networks inside the CoPi form as a
result of the competition between the water versus phosphate reactivity. This can then lead
to polymerization into P2O4−7 motifs similar to those within phosphate glasses. Raman spec-
troscopy reveals four phonon modes, three bands are assigned to chains of phosphate in the
material, with only one coming from orthophosphate. This band is measured at ν1 ∼ 950

cm−1, for modes involving PO3−4 unit oscillations. Of the remaining bands two are involved
in H2PO−

4 species with symmetric stretching modes of P(OH)2 at ∼ 880 cm−1 and PO2 at
∼ 1080 cm−1. Lastly a bending mode of PO3 at ∼ 990 cm−1 is contained in a HPO2−4 unit.
The additional bands can be explained by a reduction of the Td symmetry towards C2v and
C3v symmetries for either H2PO−

4 or HPO2−4 respectively [75]. This causes a split in the
degenerate vibrations (Eg & F2g) and a shift in the non-degenerate ones (A1g). Here the
charge distribution of the phosphorus ion is altered by the hydrogen bonds, which in turn
affect the vibrational spectrum of the PO3−4 group [75].

Looking at the Raman spectrum of c-ED CoPi shown as the orange curve in Figure 6.5 two
strong peaks can be seen. These are the symmetric stretching mode ν1 at 970 cm−1 and
asymmetric stretch ν3 at 1015 cm−1. Additionally weaker peaks are seen at 900, 1080 and
1120 cm−1 that can be assigned to the H2PO−

4 vibrational species. Here with a symmet-
ric stretching modes of P(OH)2 at ∼ 900 cm−1 and PO2 around ∼ 1080 − 1120 cm−1. The
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red curve in Figure 6.5 shows the Raman spectrum for CoPi [1 : 0] with a weak and broad
band observed at ∼ 970 cm−1. As this band is the only phosphate response detected, it
would have to reside from the stronger stretching modes and not the bending mode of PO3
at ∼ 990 cm−1 contained in a HPO2−4 unit. The phosphate response of CoPi [1 : 0] is there-
fore assigned to the symmetric stretching mode ν1.

6.4.3 Cobalt oxide in CoPi − IR

The IR absorption of CoPi can be described by looking at its structure, as was similarly done
for the Raman modes in section 6.4.1. Hereby regarding the vibrational response of CoPi
as a collection of its molecular components, Co3O4 and orthophosphate. Additionally a
description of domains CoOx clusters and orthophosphate units is considered, that gives
rise to various local structures for the vibrational bonds. Here it is assumed that bonds at
the boundary between the CoOx clusters and phosphate units show no novel IR absorption
phonon modes. FTIR is a strong technique for determining the presence of Co3O4 and can
reveal qualities of its transition metal centres. FTIR is therefore employed on ALD CoPi and
compared with the literature to gain insights into its microstructure.

Figure 6.8: FTIR spectra of CoPi and Co3O4 produced via various methods are shown. The blue
curve is crystalline cobalt oxide and the red curve CoPi [1 : 0], both of these are ALD
materials. Solution grown electrodeposited crystalline CoPi is shown as the orange curve
[8], this FTIR spectrum has arbitrary units for its absorbance.

In Figure 6.8 the FTIR spectrum of ALD grown Co3O4 is shown as the blue curve. Here two
narrow IR absorption peaks can be seen. The peak at 560 cm−1 results from the υ1−OB3
spinel phonon mode, while the one at 658 cm−1 is connected with the υ2−ABO3 mode. The
red curve shows ALD grown CoPi [1 : 0] with two broad bands. These are assigned to υ1
at 565 cm−1 and υ2 at 630 cm−1. The υ1−OB3 spinel phonon mode here is positioned con-
sistently with the one for Co3O4. However a significant shift can be seen for the υ2−ABO3
mode which is redshifted by ∼ 30 cm−1 for CoPi [1 : 0]. Additionally the bands clearly in-
dicate that the CoPi [1 : 0] is amorphous while no CoO response can be detected around
500− 510 cm−1.
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Looking further in Figure 6.8 the FTIR spectrum of c-ED CoPi [8] is given as the orange
curve. Here the peak at 554 cm−1 connects to the υ1−OB3 spinel phonon mode, which again
coincides well with the one for Co3O4. The υ2−ABO3 band can be seen at 630 cm−1 which
is similarly redshifted by ∼ 30 cm−1 compared to υ2 of Co3O4. As both the crystalline and
amorphous cases experience the same redshift for the υ2−ABO3 spinel phonon mode the
structural nature can be excluded as an explanation. What they do have in common is the
introduction of orthophosphate units into the spinel structure. The PO3−4 units are expected
to have a stable configuration with edge- or corner-sharing tetrahedral sites (or similarly
distorted-bipyramidal Co4 polyhedron configurations), while only corner-sharing is possible
with octahedral sites [18][83][8]. As the υ1−OB3 mode involves the octahedral sites, the IR
spectra show that corner-sharing with PO3−4 units does not shift the band of the vibration.
The altered band position of the υ2−ABO3 spinel phonon mode can be well explained by a
weakening of symmetries due to edge-sharing of the cobalt tetrahedra with orthophosphate
units. In this sense corner-sharing is not intimate enough to distort the symmetries, while
the opposite is true for edge-sharing configurations.

There are however other possibilities that can explain the red-shifting of the υ2 frequency.
One would be that there are only corner-sharing configurations present in CoPi. This would
however be unlikely as that would imply both ALD and c-ED CoPi to contain no edge-sharing
configurations. Moreover there is literature showing from DFT modelling that edge-sharing
between cobalt and phosphate tetrahedra is a stable configuration [18][8][84]. The distor-
tion of symmetries that would result in the υ2 mode due to edge-sharing with PO3−4 units
is then regarded as the better explanation for the FTIR spectra. This further supports the
assumption made for the Raman modes, as the same effect could be true here. Showing
loss of symmetry/mode-deactivation for the Co−O−P bonds in terms of cobalt oxide Ra-
man response. Moreover the Co−O−P bonds in CoPi do not exhibit any novel IR absorption
phonon modes. This makes the interpretation of the IR absorption spectra easier, as amor-
phous ALD CoPi indeed behaves as a hybrid material of Co3O4 and phosphate units.

6.4.4 Phosphate in CoPi − IR

Orthophosphate units contain four vibrational frequencies labelled as; ν1,ν2,ν3 & ν4. All
the modes are Raman active, while only ν3 and ν4 are predicted to be IR active for isolated
orthophosphate [75]. The frequency ν3 is assigned to asymmetric P−O stretching and found
in the range of ∼ 1000− 1230 cm−1 [79][81][85][80][86][87]. The ν4 frequency is connected
with the asymmetric O−P−O bending mode showing in the range of ∼ 525 − 638 cm−1

[79][81][85][80][86][87]. Literature on IR absorption [81][80][85][86] does however report on
ν1 and ν2 bands being detected. As hydrogen binds to the PO3−4 units a reduction in sym-
metries can cause activation of the previously IR-forbidden modes [75]. It is however possi-
ble that incorporation into transition metal structures can yield the same effect.

It is important to investigate the presence of longer phosphate chains in ALD CoPi in terms
of IR response, as these pyrophosphates are not supposed to form via the ALD processes,
any other forms of deposition like CVD, are not desired. Additionally the layered plate like
structure of CoPi is found to be a determining factor for stable activation characteristics [1].
As such large clusters of pyrophosphates can leech into the electrolyte and can cause de-
lamination [1]. Studies show well corresponding results for the band positions of P−O−P
vibrational species. The phonons can appear as either symmetric- or asymmetric stretch-
ing modes, νP-O-P

s or νP-O-P
a respectively. A range of frequencies are found in literature, for

νP-O-P
s from 720− 732 cm−1 [85][86][79] and for νP-O-P

a around 960− 982 cm−1 [79][85].
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Figure 6.8 shows the FTIR spectrum of c-ED [8] given as the orange curve. Here phosphate
bands can be seen around 1000 cm−1 with many splitted peaks. The strongest is found
at 1035 cm−1 for the ν3 asymmetric P−O stretching mode. The ν3 frequency here is ac-
companied on its left side by a number of peaks caused by the progressive split of the de-
generate vibration. The splitting indicates a reduction of the symmetries for the ν3 mode,
coming from either the formation of H2PO−

4 and HPO2−4 complexes in the material or the
neighbouring cobalt ionic environment. This is supported further by the two peaks found
at 980− 1020 cm−1. Here IR-activation due to reduced symmetries brings forth the ν1 sym-
metric P−O stretching mode. For this case one of the two peaks is the unaltered band with
another the shifted band due to the reduced symmetry for the non-degenerate ν1. Addi-
tionally the peak at 960 cm−1 is assigned to the νP-O-P

a frequency showing that the c-ED
contains some pyrophosphate networks. Looking at the lower wavenumber range, the ν4
frequency connected with the asymmetric O−P−O bending mode, is assigned to the large
peak at ∼ 600 cm−1.

Looking further in Figure 6.8 the FTIR response of the ALD grown CoPi [1 : 0] is shown as
the red curve. Here similar phosphate modes appear around the 1000 cm−1 range but now
much broader. The main band is centred around the ν1 symmetric P−O stretching mode at
1015 cm−1. The presence of the ν1 frequency shows that the cobalt ionic environment does
indeed affect and distort the tetrahedral symmetries of the orthophosphate. At the higher
wavenumber side of this broad band, it can be seen that it is unsymmetrically shaped, in-
dicating some ν3 asymmetric P−O stretching mode response in the range of 1070 − 1200
cm−1. Additionally at the lower wavenumber side a bump can be seen at 935 cm−1 that
shows a weak but significant response of pyrophosphate in the CoPi [1 : 0]. The asymmet-
ric O−P−O bending mode of the ν4 frequency can possibly be seen as a broad band at 610
cm−1. However the two broad cobalt oxide bands that are positioned nearby mask most of
the inspection that could be performed. The IR absorption spectra show that CoPi [1 : 0]
mainly contains orthophosphate units with small amounts of pyrophosphate as well. Of
the orthophosphate vibrational modes, it is seen that bands of the ν1 frequency are more in-
tense than those of the ν3. This indicates that most of the orthophosphate units are strongly
incorporated in the CoPi layers, while small amounts are isolated enough so that its ideal Td
symmetry can be maintained.

6.4.5 Insights into the CoPi microstructure: a summarization

Section 6.4.1 discusses the Raman response of amorphous ALD CoPi, crystalline ALD Co3O4
and similar cobalt based materials in the literature, for which the spectra are shown in Fig-
ure 6.5. C-ED CoPi here exhibits four of the cobalt oxide modes, Eg, F2g(2), F2g(3) & A1g,
that are displaced towards lower Raman shifts as a collective, by roughly 40 − 80 cm−1. It
is proposed that this response is a result of CoO6 octahedra and distorted-bipyramidal Co4
polyhedrons in a crystalline/ordered local structure. Additionally for the ALD CoPi [1 : 0]
the same four cobalt oxide phonon bands are found that are close to those of ALD Co3O4.
The key finding of the section 6.4.1 is then that the amorphous nature of ALD CoPi deacti-
vates the three modes, Eg, F2g(2), F2g(3), while the A1g mode exhibits less dependence on
to the fine symmetries of the cobalt oxide lattice. Further inspection of the varying cobalt-
rich recipes (resulting from the Raman fitted peaks of each spectrum in Figure 6.9 of sec-
tion 6.5) shows that the F2g(3) & A1g modes are shifted to lower wavenumbers by roughly
5 − 25 cm−1. The cobalt oxide Raman response in amorphous ALD CoPi can therefore be
regarded as a combination of Co−O bonds in varying environments for these Raman modes.
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A detailed description is given of the Raman responses resulting from the various CoPi ma-
terial’s Co−O bonds, see in Table 3. Here specifics are given on each phonon mode with its
various contributing vibrational species and the respective local structure.

Section 6.4.2 describes the Raman response of orthophosphate and assigns it to the Td sym-
metry that results in nine Raman vibrational modes given as Γvib = A1g + Eg + 3F2g. The
corresponding Raman mode frequencies of orthophosphate are then connected to atomic
motions as depicted in Figure 6.7. From this the phosphate response of various CoPi mate-
rials can be identified as shown in Figure 6.5. Furthermore it is concluded that the ν1 and
ν3 frequencies are stable and show little variation in band positions within various forms of
ALD CoPi & cobalt based materials. The symmetries of these frequencies are inherently less
affected by the environment, which are the A1g symmetry for ν1 and F2g for ν3. It is then
concluded that a similar result is found as for the cobalt oxide Raman modes, showing that
in the case of phosphate not only the A1g but also the F2g symmetry is more stable and less
dependent on the lattice symmetries. The findings of the section are also outlined in Table 4.

Section 6.4.3 discusses the IR response of amorphous ALD CoPi and similar cobalt based
materials in the literature, for which the spectra are shown in Figure 6.8. The IR phonon
modes of ALD CoPi [1 : 0] and c-ED CoPi are seen here. In both materials the υ1−OB3
phonon band position coincides nicely with that of ALD Co3O4, while this is not the case
for the υ2−ABO3 phonon mode, showing a redshift of ∼ 30 cm−1. From this it can be de-
duced that the redshift can be explained by considering the configuration of the PO3−4 units
with the cobalt polyhedrons. In so corner-sharing is not intimate enough to distort the sym-
metries, while the opposite is true for edge-sharing configurations. The distortion caused by
the PO3−4 units can then explain the cobalt oxide modes in the FTIR spectra. Furthermore
it shows that for the υ2−ABO3 phonons there is a loss of symmetry/mode-deactivation,
which are connected with the Co−O−P bonds at the boundary of the CoOx clusters. The
findings regarding the cobalt oxide IR phonon modes are also outlined in Table 5.

The section 6.4.4 investigates the IR response of the phosphate units for which the FTIR
spectra can also be seen in Figure 6.8. It is found that ALD CoPi [1 : 0] strongly exhibits
the ν1 symmetric P−O stretching mode at 1015 cm−1 which indicates that the cobalt ionic
environment affects and distorts the tetrahedral symmetries of orthophosphate. Addition-
ally the presence of the ν3 asymmetric P−O stretching mode in the range of 1070 − 1200
cm−1 shows that a small amount of orthophosphate units are not strongly incorporated
in the CoPi layers whereby its ideal Td symmetry can be maintained. Furthermore at the
lower wavenumber side a bump can be seen at 935 cm−1 that shows a weak but significant
response of pyrophosphate in the CoPi [1 : 0], indicating the presence of P−O−P bonds.
Additionally Table 6 outlines each of the IR phonon modes with its various contributing vi-
brational species and the respective local structure.

6.5 Raman analysis of CoPi film series

This section aims to investigate the Raman scattering response of amorphous ALD CoPi on
a qualitative manner. Details can be found in Chapter 3 and section 4.1 on the preparation
conditions of the various amorphous CoPi thin films under investigation. Additionally spec-
troscopic measurements are employed in section 4.2 to determine the optical characteristics
and stoichiometry of the CoPi films. Gradually more cobalt rich samples are investigated
here that are described in terms of CoPi : CoOx super-cycles ratios for their ALD recipes
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(see 3.2). These are the ALD CoPi; [1 : 0], [49 : 1], [23 : 1], [19 : 1], [11 : 1] and [5 : 1], which is
the same sample series of focus in this section.

Figure 6.9: Raman spectra are shown for the CoPi samples; [1 : 0], [49 : 1], [23 : 1], [19 : 1], [11 : 1] and
[5 : 1], all of which are deposited at a total of 600 cycles. These spectra have undergone
background subtraction according to the procedure in Chapter 5.

In Figure 6.9 Raman spectra are shown of the various CoPi thin films. Taking a look at the
spectra around 450 − 800 cm−1 a nice progression in intensities towards more cobalt rich
recipes can be seen. The one exception here is the CoPi [49 : 1] spectrum that falls outside of
the trend. Additionally it can be seen that this curve starts centred at the symmetric stretch-
ing mode A1g near 700 cm−1. For the CoPi [1 : 0] and [23 : 1] the graphs are shifted more
towards the lower wavenumber side as the contribution of the F2g(3) asymmetric bending
mode becomes relevant. Similarly for the CoPi [19 : 1], [11 : 1] and [5 : 1] the centre
moves progressively towards lower wavenumbers. Here showing an increasing contribution
of initially the F2g(2) asymmetric stretch and lastly the Eg symmetric bending mode. It is
expected that the more cobalt rich recipes produce larger CoOx cluster sizes. This explains
the progressive appearance of the F2g(3), F2g(2) and Eg modes. Additionally these phonon
modes exhibit more sensitivity towards Raman deactivation due to an amorphous structure
as compared to the A1g mode. This understanding of phonon characteristics works well to
explain the observed Raman spectra.

Looking further in Figure 6.9 it can be seen that a varied response for the cobalt oxide is
detected while the phosphate bands remain similar across the samples. The P−O symmet-
ric stretching bands ν1 are found at 965 cm−1 here. This band is connected with the A1g
symmetry while the vibrational active PO3−4 units are expected to be strongly incorporated
with the cobalt polyhedrons (concluded for the CoPi samples in section 6.6). The presence
of the ν1 response then shows that the A1g symmetry is only weakly dependant on the Td
symmetries of the phosphate units. This aligns well with the hypothesis made in section
6.4.2, which states that the symmetries of the frequencies A1g−(ν1) and F2g−(ν3) are inher-
ently less affected by their local environments. It would also follow then that the F2g−(ν3)
response could be picked up for amorphous ALD CoPi near a Raman shift of 1015 cm−1.
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However as the spectra here are noisy and low this prediction can not be further explored.
Additionally the ν1 bands are oddly shaped, showing a rectangular band surrounded by
a broad response. This can be explained by multiple Raman bands coming from either dis-
torted or more isolated PO3−4 units. The resulting signal can then be regarded as a collection
of ν1 bands that are mostly unshifted and partly shifted (see also Table 4).

The stoichiometry of the samples found via XPS analysis (as described in section 4.2 and
seen in Table 1) shows that the Co:P ratios do not coincide nicely with the recipes, as these
are expected to produce progressively more cobalt rich samples. Furthermore it is concluded
that the phosphate contaminations during ALD growth are not severe for the samples CoPi
[11 : 1] and [5 : 1]. Figure 6.9 shows that for all the CoPi samples no considerable intensity
difference can be seen between the ν1 bands. It is however unclear what contribution the
phosphate contaminants have towards to the ν1 band compared to the ALD grown PO3−4
units as the Raman response is noise and low in this region. Nevertheless the presence of
P−O−P bonds in the ALD CoPi samples is found from the FTIR spectra (see section 6.6).
This showcases that Raman and IR spectroscopy are complementary techniques for identify-
ing phosphate contaminants.

For the spectrum of CoPi [19 : 1] in Figure 6.9 a large shift can be seen downwards towards
negative intensities, especially at the soda-lime peak response near 1100 cm−1. This holds
true to a lesser extent for the CoPi [5 : 1] and [11 : 1]. This trend can be explained the more
disrupted shape of the soda-lime response, which makes subtraction of the background
spectrum non-ideal (inspection of the region around 1000− 1200 cm−1 in Figure 5.1a illus-
trates this point). There is however no way to manipulate the shape of the spectra as wave-
length independence is a central assumption of the modelling. Additional explanations for
the mismatch in shape can be inhomogeneous growth of the CoPi layers and/or the forma-
tion of CVD phosphate particles/networks. As both these effects could locally change the
absorbing qualities of the layers. In so leaking of the FTO and soda-lime Raman response to-
wards the detector can be invigorated without passing through the absorbing CoPi layer in a
consistent manner.

6.6 FTIR analysis of CoPi film series

This section aims to investigate the IR absorption response of the same ALD CoPi film se-
ries as discussed in the previous section. Figure 6.10 shows the FTIR absorption spectra
of the CoPi thin films under investigation. Here two cobalt oxide bands can be identified,
the υ1−OB3 spinel phonon mode at 557 cm−1 and the υ2−ABO3 mode at 630 cm−1. Com-
paring the band positions of these modes with crystalline ALD Co3O4 gives the same re-
sult as was found earlier for Figure 6.8. Here a significant shift is seen for the υ2−ABO3
mode, which is redshifted by ∼ 30 cm−1 for CoPi [1 : 0]. For the other CoPi thin films
the same observation can be made. The shift can then be explained by edge-sharing of the
cobalt tetrahedra with orthophosphate units. Interestingly for a wide variety of microstruc-
tures around the CoOx clusters the edge-sharing configurations between cobalt tetrahedra
with orthophosphate units remains present in similar amounts. Nevertheless it can be seen
from the FTIR spectrum of CoPi [5 : 1] at 660 cm−1 that there is a sharp peak response.
This is can be assigned to the unshifted υ2−ABO3 mode, which so far has only been ob-
served for Co3O4. The presence of this IR-peak further supports the hypothesis that the
more cobalt-rich recipes contain CoOx clusters with a well ordered spinel structure. Further-
more it shows some crystallization effects occurring in the CoOx clusters. Lastly the cobalt
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oxide bands indicate that the CoPi films are amorphous while no CoO response can be de-
tected around 500− 510 cm−1.

Looking further in Figure 6.10 the FTIR phosphate absorption response of the CoPi films
can be seen. For all the CoPi films here the same peak shape is found, centred at the ν1 sym-
metric P−O stretching mode at 1010 cm−1. The peak shows an asymmetric shape towards
the higher wavenumber side which is from a broad peak response of the ν3 asymmetric
P−O stretching mode. Comparing the size of the orthophosphate vibrational modes ν1 &
ν3, it follows that the ν1 frequency is much more intense than the ν3. From this it can be
concluded that the orthophosphate units are strongly incorporated in the CoPi layers, while
small amounts are isolated enough so that its ideal Td symmetry can be maintained. Addi-
tionally at the lower wavenumber side a bump can be seen at 970 cm−1 that shows a weak
but significant signal. The phosphate response here results from the νP-O-P

a mode, indicat-
ing the presence of P−O−P bonds. The FTIR spectra then show that all the samples contain
some amount of pyrophosphate in the films, indicating some kind of contamination from
the use of the TMP precursor.

Figure 6.10: FTIR absorption spectra are shown for various amorphous ALD CoPi recipes.

6.7 Raman analysis of CoPi film series: phonon bands & microstructure

This section aims to investigate the Raman scattering response of six distinct ALD CoPi
films on a qualitative and quantitative manner while also describing the methods used to
obtain the relevant data. Further analysis of the various CoPi films is done by using their
Raman spectra as shown in Figure 6.9. In order to describe each of the Raman modes sep-
arately a fitting procedure is developed to capture the relative contributions. This is done
with a Matlab script that finds the optimum peak sizes for each Raman mode that coin-
cides best with the spectrum, further outlined in Appendix E. From the fitted peaks vari-
ables can be easily obtained characterising the Raman modes. Up to four of the five Ra-
man modes can be fitted for all the CoPi samples. Here values are found for the area under
curves [counts cm−1] divided by the sample thicknesses [cm], given as A/d0 and FWHM
[cm−1], each with their respective standard deviations.
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The equation 10 shows that the area under the curve is directly related to the cross section
of the particular Raman mode, σR [cm2]. It is therefore a strong piece of information as it
can show the relative changes of vibrational species in terms of Raman activity. The Raman
spectra are collected over a laser illuminated volume that is constant in terms of power out-
put per volume (as described in section 5.1). The size of the laser illuminated volume itself
will scale with the thickness of the CoPi films and is therefore divided by it. This can also be
supported by equation 11, which indicates that the area under curve divided by thickness
more closely corresponds to the Raman cross section. Comparisons can therefore be made
between CoPi samples with their Raman cross sections. Moreover the cross section can be
linked to the amount of vibrational species that are Raman active, using the cobalt concen-
tration.

For an interpretation of the Raman bands of CoPi a number of effects can be considered that
can influence the corresponding vibrational characteristics. The broadness can be linked
with the confinement experienced by the vibrational species, pointing to either locally more
or less amorphous structures. Similarly distortions on octahedral sites can influence the Ra-
man mode broadness via the Jahn-Teller (JT) effect [37]. However, in Appendix F it is also
concluded that ALD Co3O4 & c-ED CoPi are JT inactive materials. It is therefore expected
that amorphous ALD CoPi being made up by domains of Co3O4 clusters and phosphate
units is also JT inactive. As such it is expected that for the Co3O4 clusters there are two
main influences on the broadnesses of the Raman modes. These are firstly finite size effects
due to the cluster sizes of the cobalt oxides. Secondly local strain variations can develop
from the lattice structure and the molecular environment.

The collection of the data is visualized in the Figures 6.11, 6.13 and 6.15 plotted as a function
of CoOx super-cycle fraction in the respective recipes. Additionally Figures 6.12, 6.14 and
6.16 show A/d0 and FWHM as a function of the cobalt to phosphorous ratio. In this manner
both the CoPi recipes and stoichiometry can be investigated, giving information on the Ra-
man mode behaviour and microstructure of CoPi. Looking back at the Co/P ratios shown in
Figure 4.5 and discussed in section 4.2 a clear shift is found for the CoPi recipes CoPi [1 : 0],
[49 : 1], [23 : 1] & [19 : 1]. This is assumed to arise from the release of POx contaminants into
the film during ALD growth. Additionally it is assumed that the added POx observed in the
films will both disrupt the spinel structure and decrease the size of the CoOx clusters. The
Raman analysis of the vibrational species of CoPi is therefore performed with these aspects
in mind.

The discussion of the data starts with the results for the F2g(3) Raman mode as its trends
are clear and it provides the best evidence for the conclusions drawn. Figures 6.11b & 6.12b
show the A/d0 values for the F2g(3) Raman modes. Both the graphs here show small rela-
tive uncertainties with good consistency between the data points. The F2g(3) mode in Figure
6.11b initially shows a low & steady intensity until a CoOx super-cycle fraction of 51.5%,
after which it increases linearly. Similarly in Figure 6.12b a low & steady intensity is seen be-
low Co/P = 1.2 while increasing exponentially onwards. The F2g(3) mode shows a strong
increase for greater cobalt content in the material. Additionally as the CoOx clusters in-
crease in size the F2g(3) shows an rapidly increasing trend. As it was proposed in section
6.4.1 that this Raman mode is easily deactivated for a non-ideal spinel structure, it follows
that the microstructure of the CoOx clusters from Co/P = 1.2− 1.4 converts from disordered
to ordered spinel type.
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Figure 6.11: Area under curve per thickness is plotted for the six CoPi samples investigated as a
function of CoOx super-cycle fraction in the respective recipes. The A/d0 values found
result from the fitting of the phonon modes within each of the isolated Raman spectra,
for each depicted with their corresponding standard deviation. a): Shows the A1g mode
b): Shows the F2g(3) mode.

Figure 6.12: Area under curve per thickness is plotted for the six CoPi samples investigated as a
function of Co/P value. The latter is determined from XPS analysis indicating the CoPi
stoichiometry as given in Figure 4.5. The A/d0 values found result from the fitting of
the phonon modes within each of the isolated Raman spectra, for each depicted with
their corresponding standard deviation. a): Shows the A1g mode b): Shows the F2g(3)
mode.

Figures 6.11a & 6.12a show the A/d0 values for the A1g Raman modes, here small relative
uncertainties are found for the data points. The A1g modes in Figure 6.11a initially show a
linear increase until a CoOx super-cycle fraction of ∼ 52% while finally converging towards
a steady plateau. Figure 6.12a shows a different trend, with initially a decreasing A/d0 until
Co/P = 1.2 while eventually increasing towards a plateau level. Section 6.4.1 makes the case
for the A1g Raman mode being stable and not being very dependent on the fine symme-
tries of the spinel structure. It is therefore expected that this mode probes vibrational cobalt
species that are both disordered and neighbouring phosphate units while also those in an or-
dered spinel type structure in CoOx clusters. As such the A1g mode in Figure 6.11a follows



vibrational analysis of cobalt oxide and copi 59

the gradually more cobalt rich recipes (for a CoOx super-cycle fraction between 50− 51.5%).
Additionally for Co/P = 1.0− 1.2 in Figure 6.11a the CoOx clusters are expected to be dis-
ordered while showing considerable A/d0 values. This indicates that the A1g mode indeed
probes for cobalt species with this type of local structure. Lastly for both the Figures 6.11a &
6.12a a steady response is seen for a CoOx super-cycle fraction > 52% and for Co/P > 1.45.
As the CoOx clusters in this region become ordered spinel type the A1g only shows a weak
increase. This can be best explained by the A1g picking up more vibrational species of this
environment while losing cobalt centres within disordered & phosphate neighbouring envi-
ronments.

Figures 6.13a & 6.14a show the FWHM values for the A1g Raman mode. For the FWHM
values in Figure 6.13a no clear trend is seen. Omitting the first point one could see a linear
trend upwards, while levelling off after a CoOx super-cycle fraction of > 52%. Looking at
the whole of the data however it seem more like the FWHM stays roughly constant. Figure
6.14a shows a gradual increase for the FWHM values in the region of Co/P = 1.0− 1.2 while
levelling off towards ∼ 100 cm−1 onwards. From the FWHM values for the A1g Raman
mode it can be concluded that there is a transition in the amorphous landscape around the
vibrational species. Here from the region of Co/P = 1.0− 1.2 with a FWHM ≈ 70 cm−1 to-
wards ∼ 100 cm−1 for Co/P > 1.4. Similarly the FWHM values for the F2g(3) Raman mode
are shown in Figures 6.13b & 6.14b. Here a steady FWHM is seen for a CoOx super-cycle
fraction between 50− 51.5% while increasing linearly onwards. For the FWHM values in Fig-
ure 6.14b there is also a steady FWHM for Co/P = 1.0− 1.2 while increasing exponentially
onwards. From the FWHM values for the F2g(3) Raman mode the same trends are found
as for the A1g mode. Surprisingly the data suggest that the bigger CoOx clusters formed
for Co/P > 1.4 are more amorphous, as both the modes A1g and F2g(3) exhibit broader
bands. However as there are considerably higher relative uncertainties in these data sets
the earlier conclusion made from Figure 6.12b is maintained. In so the rapid increase of the
F2g(3) A/d0 values indicates well ordered spinel type CoOx clusters for Co/P > 1.4. Lastly
it seems that the increasing size of the A1g & F2g(3) modes goes hand in hand with an in-
crease of their FWHM, as can be seen from comparison of Figures 6.11 & 6.12 with 6.13 &
6.14. It is therefore possible that the method used for fitting the peaks inherently exhibits
this inaccuracy. This could be a result from the fitted peak shapes not entirely matching
those of the observed data (also discussed in Appendix E and seen in Figure 6.9).

The Figures 6.15 & 6.16 show both the A/d0 and FWHM values of the Eg and F2g(2) Ra-
man modes. It can be seen the graphs that only three CoPi samples are included in the plots.
This is because the other spectra show negative intensities for the modes and therefore no
reasonable values can be obtained from them. For the A/d0 values in Figure 6.15a & 6.16a a
similar trend can be seen for both phonon modes. For Co/P = 1.1− 1.2 the A/d0 values are
low and increase for Co/P > 1.5. This aligns well with the proposition that for Co/P > 1.4
the CoOx clusters convert from disordered to ordered spinel type. This is because the oc-
currence of the Eg and F2g(2) Raman modes is also expected to be dependent on the fine
symmetries of the spinel structure. Lastly from the FWHM shown in Figures 6.15b & 6.16b
no real information can be gathered as they contain large uncertainties and no clear trends
can be seen.



vibrational analysis of cobalt oxide and copi 60

Figure 6.13: FWHM values are given for the six CoPi samples investigated as a function of CoOx
super-cycle fraction in the respective recipes, for each depicted with their correspond-
ing standard deviation. The values found result from the fitting of the phonon modes
within each of the isolated Raman spectra. a): Shows the A1g mode b): Shows the
F2g(3) mode.

Figure 6.14: FWHM values are given for the six CoPi samples investigated as a function of Co/P
value. The latter is determined from XPS analysis indicating the CoPi stoichiometry as
given in Figure 4.5. Here for each depicted with their corresponding standard devia-
tion. The values found result from the fitting of the phonon modes within each of the
isolated Raman spectra. a): a): Shows the A1g mode b): Shows the F2g(3) mode.
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Figure 6.15: The graphs show obtained parameters of the Eg and F2g(2) modes as a function of
CoOx super-cycle fraction in the respective recipes, for each depicted with their corre-
sponding standard deviation. The values found result from the fitting of the phonon
modes within each of the isolated Raman spectra. a): Shows the area under curve per
thickness. b): FWHM values.

Figure 6.16: The graphs show obtained parameters of the Eg and F2g(2) modes as a function of
Co/P value, given with their corresponding standard deviations. The latter is deter-
mined from XPS analysis indicating the CoPi stoichiometry as given in Figure 4.5. The
parameter values result from the fitting of the phonon modes within each of the isolated
Raman spectra. a): Shows the area under curve per thickness. b): FWHM values.
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6.8 Tables with phonon mode characteristics

The tables below give a comprehensive summarization of the findings of this chapter. Here
each of the phonon modes are described, showing their observed characteristics and which
local structures and vibrational species can be connected with them. The tables can there-
fore be used to easily ascertained the microstructure of CoPi-like materials.

Table 3: Raman phonon mode characteristics are shown for cobalt based materials, summarizing the
findings of section 6.4.1. Given are the various types of local structures for the vibrational
species and the corresponding phonon band positions & FWHM. Note that the cobalt con-
figurations are given as Oh for octahedral and Th for tetrahedral.

Raman
mode

Vibrational
bond

Local structure of
vibrational species

Position &
FWHM (cm−1)

Identified in
the material(s)

A1g
C−O

sym. stretching
Disordered Oh Co6 &

distorted-bipyramidal Co4
595− 695 &
≈ 90− 115

ALD CoPi
& a-ED CoPi

Ordered Oh Co6 &
distorted-bipyramidal Co4 610 & 20 c-ED CoPi

Ordered spinel
Th Co2+ & Oh Co3+ 693 & 10 Co3O4

F2g(3)
O−C−O

asym. bending
Ordered Oh Co6 &

distorted-bipyramidal Co4
555 & 14 c-ED CoPi

Ordered spinel
Th Co2+ & Oh Co3+ 621 & 8 Co3O4

F2g(2)
C−O

asym. stretching
Ordered Oh Co6 &

distorted-bipyramidal Co4
480 & 30 c-ED CoPi

Ordered spinel
Th Co2+ & Oh Co3+ 523 & 11 Co3O4

F2g(1)
C−O

sym. translation
Ordered spinel

Th Co2+ & Oh Co3+
197 & 6 Co3O4

Eg
O−C−O

sym. bending
Ordered Oh Co6 &

distorted-bipyramidal Co4
444 & 16 c-ED CoPi

Ordered spinel
Th Co2+ & Oh Co3+

484 & 10 Co3O4
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Table 4: Raman phonon mode characteristics of phosphate are shown for cobalt based materials,
summarizing the findings of section 6.4.2. Given are the various types of local structures
for the vibrational species and the corresponding phonon band positions.

Raman
mode

Vibrational
bond

Local structure
of phosphate species

Band position
(cm−1)

Identified in
the material(s)

A1g−(ν1)
P−O

sym. stretching
Isolated PO3−4 950− 1000

ALD CoPi
a-ED & c-ED CoPi

Distorted PO3−4
Progressive shift

from ∼ 975
ALD CoPi

& a-ED CoPi

Eg−(ν2)
O−P−O

sym. bending
Isolated PO3−4 230− 480

c-ED CoPi, LiCoPO4,
Fe3(PO4)2 & FePO4

Distorted PO3−4
Progressive split
around 230− 480

c-ED CoPi, LiCoPO4,
Fe3(PO4)2 & FePO4

F2g−(ν3)
P−O asym. stretching

& P translation
Isolated PO3−4 1015 c-ED CoPi

Distorted PO3−4
Progressive split

from 1015
−

F2g−(ν4)
O−P−O

asym. bending
Isolated PO3−4 580− 690

c-ED CoPi, LiCoPO4,
Fe3(PO4)2 & FePO4

Distorted PO3−4
Progressive split
around 580− 690

c-ED CoPi, LiCoPO4,
& Fe3(PO4)2

Td towards
C2v symmetry

P(OH)2
sym. stretch

H2PO−
4 880− 900 c-ED CoPi

PO2
sym. stretch

H2PO−
4 1080− 1120 c-ED CoPi

Td towards
C3v symmetry

PO3
bending

HPO2−4 990 c-ED CoPi
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Table 5: IR phonon mode characteristics are shown for cobalt based materials, summarizing the find-
ings of section 6.4.3. Given are the types of local structures of the cobalt vibrational species
and their band positions. Note that for the cobalt configurations indications are given as Oh
& B for octahedral and Th & A for tetrahedral.

IR phonon
vibration

Local structure of
vibrational species

Band position
(cm−1)

Identified in
the material(s)

υ1−OB3
Multiple edge- or corner-

sharing Oh cobalt
554− 565

ALD CoPi, Co3O4
& c-ED CoPi

υ2−ABO3
Multiple edge- or corner-sharing Oh &

Td cobalt, isolated from Td PO3−4
658

ALD CoPi [5 : 1]
& Co3O4

Multiple edge- or corner-sharing Oh & Td cobalt
of which the Td Co is edge-sharing with Td PO3−4

630
ALD CoPi &

c-ED CoPi
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Table 6: IR phonon mode characteristics are shown of phosphate for cobalt based materials, sum-
marizing the findings of section 6.4.4. Given are the various types of local structures for the
vibrational species and the corresponding phonon band positions. Note that for the cobalt
configurations indications are given as Oh & B for octahedral and Th & A for tetrahedral.

IR phonon
mode

Vibrational
bond

Local structure
of phosphate species

Band position
(cm−1)

Identified in
the material(s)

A1g−(ν1)
P−O

sym. stretching
Distorted PO3−4

Progressive shift
from ∼ 980− 1020

ALD CoPi &
c-ED CoPi

Eg−(ν2)
O−P−O

sym. bending
Distorted PO3−4

Progressive split
around ∼ 398− 480

−

F2g−(ν3)
P−O asym. stretching

& P translation
Isolated PO3−4 1070− 1200

ALD CoPi &
c-ED CoPi

Distorted PO3−4
Progressive split

around 1070− 1200
c-ED CoPi

F2g−(ν4) O−P−O
asym. bending

Isolated PO3−4 525− 638 c-ED CoPi

Distorted PO3−4
Progressive split
around 525− 638

−

νP-O-P
s

P−O−P
sym. stretch

Chains of
pyrophosphate

720− 732 −

νP-O-P
a

P−O−P
asym. stretch

Chains of
pyrophosphate

960− 982
ALD CoPi &

c-ED CoPi
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7 conclusion

In this chapter the results and discussion of the thesis are summarized.

Is vibrational spectroscopy (Raman & IR) a valid method to gain insights into the
microstructure of amorphous ALD CoPi?

Chapter 6 sits at the core of the vibrational analysis performed in this thesis. The chapter
further builds upon the knowledge on the vibration modes given in Chapter 2, particularly
the Co3O4 phonon modes Γvib = A1g + Eg + 3F2g and its spinel symmetries. All Co3O4
phonon modes can be connected with atomic motions in the cobalt tetrahedra, as shown in
Figure 6.1. Similarly the phosphate Raman modes, ν1,ν2,ν3 & ν4, of the Td symmetry, are
linked to atomic motions in the PO3−4 tetrahedra, as shown in Figure 6.7. Describing these
oscillations is the first step in understanding the interplay between the lattice symmetries
and the phonon modes in amorphous ALD CoPi. As such various local environments for
the vibrational species reveal either distortions or suppression of certain phonon modes.
In this manner the complementary characteristics of Raman and IR spectroscopic measure-
ments and literature are used to draw conclusions on the microstructure of amorphous ALD
CoPi. Furthermore, for the cobalt oxide and phosphate units in amorphous ALD CoPi the
types of polyhedral configurations are identified. This is done by discussing the vibrational
characteristics of amorphous ALD CoPi and finding common trends when making compar-
isons with Co3O4, a-ED CoPi, c-ED CoPi and more cobalt based materials. Tables 3, 4, 5 &
6 outline each of the CoPi phonon modes, showing their observed characteristics and which
local structures and vibrational species can be connected with them. The tables therefore
serve as a tool to neatly ascertained the microstructure of amorphous ALD CoPi materials
with a wide range of stoichiometries. Lastly several experiments on amorphous ALD CoPi
are performed to rule out any possibility that it contains CoO, with XPS, Raman & IR all
pointing to the presence of only the Co3O4 phase.

It can be concluded that the ALD grown Co3O4 shows well defined vibrational character-
istics. Provided the digital growth of ALD CoPi, a description can be given on its structure
as two separate domains, the CoOx clusters and the phosphate bridges in between (partic-
ularly applies for section 6.4). For ALD grown Co3O4 it is found that the high deposition
temperature drives its crystallinity for films of a few tens of nanometres in thickness [45].
It is therefore expected that for the growth of CoOx clusters in the CoPi process a similar
transition occurs. As the CoOx clusters grow in size the high temperature forces the cobalt
atoms at the centre to re-arrange in a more dense configuration (for crystalline ALD Co3O4
a mass density of 6.0 g/cm−3 is found versus ≈ 4.0 g/cm−3 for amorphous ALD CoPi [1]).
This is supported further by the FTIR spectrum of CoPi [5 : 1] at 660 cm−1, seen in Figure
6.10 . The sharp peak response here is assigned to the unshifted υ2−ABO3 mode, which is
otherwise only observed for Co3O4. For both the most and least cobalt-rich recipes that are
investigated, CoPi [5 : 1] and [1 : 0] respectively, the material’s microstructural qualities are
depicted in Figure 7.1. Furthermore within this framework the cobalt atoms are considered
mostly in the 2+ oxidation state, particularly near the boundaries of the CoOx clusters. As
such this region will contain structural motifs of edge-sharing CoO6 octahedra connected
via edge- or corner-sharing distorted-bipyramidal Co4 polyhedrons (also seen for c-ED CoPi
in Figure 6.6). These Co4 polyhedrons can then connect via either edge- or corner-sharing
with orthophosphate units, while the CoO6 octahedra can only do so via corner-sharing
configurations. As it is expected for the bigger CoOx clusters that a more ordered spinel
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structure will form, it also follows then that the octahedral cobalt sites here can exhibit a
transition in their oxidation state from 2+ to 3+. The microstructure of amorphous ALD
CoPi therefore contains features of Co3O4 and ED CoPi. For ALD CoPi [19 : 1] its Co/P
value (≈ 1.0) implies that on average there would be one cobalt polyhedron for every PO3−4
tetrahedron. For this film the microstructure will be more like that of ED CoPi, consisting of
small and disordered spinel type CoOx clusters, where most of the cobalt atoms are neigh-
bouring PO3−4 units. For the more cobalt-rich ALD CoPi recipes there will be a transition
towards more ordered motifs in the CoOx clusters, while the PO3−4 tetrahedral symmetries
remain similarly distorted across the material.

Although the various ALD recipes did not produce gradually more cobalt rich samples, the
set does still contain interesting characteristics for a vibrational analysis. Furthermore it is
expected that both the contaminants’ vibrational response and the added signal of its (ALD
grown) structural bonds to CoPi are probed. An example of the former can be seen in the
IR absorption spectra shown in Figure 6.10, indicating the presence of P−O−P bonds result-
ing from POx contamination. Additionally the amorphous ALD CoPi [11 : 1] and [5 : 1]
samples do not exhibit as severe contamination problems as do the other films (see also Fig-
ure 4.5). From this a comparison can be made between these samples and the remaining
CoPi films of the set. Insight can then be gained on the impact of the additional phosphate
networks (contaminants) on the vibrational response of cobalt oxide (see also Figure 7.1.).
Furthermore a number of key conclusions can be made from the results and discussion of
section 6.7. First the CoOx clusters increase in average size for the more cobalt-rich CoPi
recipes. Second the Raman A1g mode probes for cobalt vibrational species of various local
structures, also outlined in Table 3. Third the symmetries of spinel ordered CoOx clusters
are very easily disturbed by introduction of neighbouring PO3−4 units (including the con-
taminants). Fourth the more cobalt-rich CoPi recipes drive a more ideal spinel structure in
the CoOx clusters, particularly a transition is observed for Co/P values of = 1.2− 1.4. Fifth
as ALD CoPi is produced with CoOx clusters above a certain average size (corresponding
to stoichiometries of Co/P > 1.45), its spinel structure is ideal enough for the thin film to
exhibit measurable Raman signals of the phonon modes: Eg & F2g(2).

It can be concluded that the research question is answered. The microstructures of amor-
phous ALD CoPi thin films of various stoichiometries and levels of POx contamination, have
all been determined by the use of Raman and IR spectroscopy. The answer to the research
question is then simply: yes!

Furthermore each of the goals of this thesis are remarked below and explanation is given on
the extent to which these are achieved.

• The principles behind Raman and IR spectroscopies are reviewed, covering also lattice
symmetries and selection rules of relevance for CoOx (as building block of CoPi) and
CoPi.

An explanation of the principles behind Raman and IR processes is given in Chap-
ter 2. Here the vibrational selection rules are also discussed while necessary insights
are given for interpreting Raman and IR phonon band characteristics. Additionally
the cobalt oxide (Co3O4) lattice symmetries are investigated and connected to vibra-
tional spectroscopic results of its phonon modes. The insights gained from the descrip-
tion of the lattice symmetries and selection rules are further applied on the vibrational
spectroscopic investigations of Chapter 6. Here regarding the CoPi species to be ac-
tive due to local structural aspects. In so more ideal symmetries loosen the restrictions
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resulting from the selection rules, causing certain phonon modes to become more ac-
tive. Similarly the opposite effect can then yield deactivation of phonon modes. The
findings and data presented in the earlier parts of Chapter 6 give characteristics for
the structural domains within CoPi. For amorphous ALD CoPi an arrangements of
its building blocks is then proposed with CoOx clusters and phosphate bridges in be-
tween. This goal of the thesis is therefore achieved.

• A method for the background subtraction in Raman spectra is developed with the pur-
pose of carrying out an accurate analysis of the vibrational modes of weakly absorbing
amorphous ALD CoPi films. A comparison with other deposition methods of CoPi is
also included in the discussion.

Chapter 5 describes the background subtraction procedure that is used to extract
the isolated CoPi Raman spectra (among others those of Figure 6.9). Initially the vi-
brational qualities of the FTO substrate are investigated showing that it contains both
tin oxide and amorphous glass contributions. It is found that the Raman spectrum of
FTO contains a linear baseline, that is mostly a result from the signal of the soda lime
glass. The developed background subtraction procedure will therefore generally work
best for weakly absorbing films. This is because for these types of films the soda lime
glass baseline is present in a consistent manner within both the background and sam-
ple spectra (see also Figure 5.1). Additionally the FTO substrate (and therefore also
CoPi) has a rough surface that is accounted for by taking measurements over forty
unique locations (as further detailed in section 5.2 and seen from SEM micrographs in
4.6). Furthermore the absorbing qualities of CoPi and the layers of its substrate are ex-
pressed as a function of the incoming laser beam intensities. From this it is concluded
that the isolated CoPi Raman response can be linearly decomposed into that of the
sample spectrum and an appropriately scaled part of the background (shown in equa-
tion 5.3). Lastly a CoPi specific investigation is done in section 5.4, thereby making
the case for certain measurement condition being ideal. Aspects of laser degradation
are also investigated, showing that short bursts of 47 s exposure on CoPi collects the
strongest signal-to-noise while showing no signs of changes in its Raman response due
to heating and/or crystallization effects.

For the Raman data collection the procedure of Chapter 5 makes it possible to re-
solve the very weak response of the amorphous ALD CoPi films. The resulting spectra
for various CoPi recipes is then shown in Figure 6.9. As such it can be seen that some
spectra exhibit a shifted baseline with negative intensities. This is mostly attributed to
inhomogeneous qualities of the films due to contaminations. Furthermore the method
itself can collect data consistently for a wide range of stoichiometries and visible-light
absorbing qualities. The Raman spectra can therefore be regarded as precise and con-
sistent, while showing inaccuracies in some cases. For the collection of FTIR spectra
the standard methods described in Chapter 3 are sufficient for precise determination
of the data. Additionally for the moderate to weak IR-response of CoPi, as shown in
Figure 6.10, the various CoPi recipes show little variation. Furthermore shifting of the
baselines is observed towards the higher wavenumbers, causing some regions of the
data set to be inaccurate.

Further vibrational investigations are performed on amorphous ALD CoPi, making
use of the background subtraction for the corresponding Raman spectra. A number of
CoPi deposition techniques are explored for their vibrational responses and compared
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with those of amorphous ALD CoPi. From this a comprehensive understanding of the
Raman and IR phonon mode characteristics is gained that is used to infer the arrange-
ments of the CoPi building blocks and their specific polyhedral configurations. The
vibrational spectroscopic tools developed then form a framework that is outlined in a
number of tables, identifying the Raman and FTIR phonon band characteristics, seen
in Tables 3, 4, 5 & 6. This goal of the thesis is therefore achieved.

• The deconvolution of Raman absorption bands to gain insights into the phonon modes
of CoPi and to draw conclusions, with the support of IR spectroscopy, on the microstruc-
ture, i.e. the arrangement of CoOx clusters with respect to POx units, of amorphous
CoPi.

The vibrational species in amorphous ALD CoPi are identified in Chapter 6 and fur-
ther connected with their local structures. From these characteristics the microstruc-
ture of CoPi like materials can be ascertained in a qualitative manner from the Raman
& IR spectra. Furthermore section 6.7 quantifies the Raman bands in terms of size and
broadness while describing these as functions of ALD recipe and stoichiometry. The
application of the analytic tools from Tables 3 & 4 to these data sets then results in var-
ious conclusions for the cobalt-rich CoPi samples that are summarized and expanded
upon in the earlier parts of this chapter. This goal of the thesis is therefore achieved.
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Figure 7.1: On the left side the amorphous ALD CoPi [1 : 0] and [5 : 1] samples are depicted. Here
also shown are the light-absorbing and refractive qualities of the thin films. On the right
the microstructures of the amorphous ALD CoPi materials are depicted as a cross-section.
The legend indicates that adjacent CoOx units are edge-sharing while neighbouring ones
are corner sharing. Additional for the PO3−4 units, edge- and corner-sharing with CoOx
is also indicated by respectively, adjacency and neighbouring placement of the spheres.
Lastly the Co/P ratios of the films (either ≈ 1.2 for CoPi [1 : 0] or ≈ 1.5 for CoPi [5 : 1])
are accurately represented by the cross-section.
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outlook & recommendations

Outlook & recommendations
The vibrational spectroscopic tools developed in this thesis can be used to accurately investi-
gate the microstructure of amorphous ALD CoPi. An important next step for the research
should be focussed on the microstructural changes upon activation of amorphous ALD
CoPi. In particular, a Raman analysis can easily be performed pre- and post-OER with the
thin films deposited on (conductive) FTO. Here each Raman mode can be investigated sep-
arately during cyclic voltammetry measurements. In so an attempt can be made to link the
favourable OER characteristics (electrocatalytic activation with delayed or non-existent de-
lamination effects) of amorphous ALD CoPi with its microstructure. Lastly there has been
one report in the literature, [9], that performed an in depth analysis of electrodeposited
CoPi, with its Raman band response (in terms of area under curve values) and cobalt redox
transitions, as a function of applied potential. Making comparisons with this study and fu-
ture CoPi activation research can be interesting to reveal additional qualities of amorphous
ALD CoPi.

Additionally preliminary investigations are performed on the CoPi film series of this the-
sis with ellipsometric porosimetry. A number of adsorption and desorption isotherms are
measured for the CoPi films, showing a weak affinity for the adsorption of ethanol towards
the material while using water as an adsorptive results in sample degradation. However no
characteristic hysteresis is observed in the isotherms, which is clearly present for c-ED CoPi
investigated in the SI of [8]. Here it can be concluded that more precise determination of the
refractive indices of CoPi on a Si substrate is needed for additional information on its pore
characteristics. Additionally conductive substrates are needed for any post-OER investiga-
tion to occur. A good candidate for this is a gold substrate, that has been tried for ALD CoPi
depositions. SE measurements on these films, show decent conformality, making it possible
to determine the film thickness by about an 15− 20% error rate (compared to ex-situ SE on
Si substrates). However further studies are needed on the SE modelling and the pursuit of
more suitable substrates. In so the groundwork can be made to investigate the pore network
changes of amorphous ALD CoPi upon activation.

Noticeably the results of this thesis do not contain any CV measurements or characteriza-
tion of activated CoPi films. As such preliminary CV measurements of the CoPi films in-
vestigated in this thesis have not yielded desired results. As for most cases no or only weak
activation is observed while the current densities found are more than a factor of two lower
than achieved in earlier reports. It is hypothesised that a combination of (pyro-)phosphate
contaminations and an unsaturated CoCp2 dosing step has caused unfavourable conduc-
tive properties of the CoPi films. From inspection of the ALD reactor’s components differ-
ent sources for contaminations are identified, with P2O5 found at cold-spots and dark grey
dust particles in the dosing lines. The latter is identified as cobalt oxide powder, determined
with Raman microscopy. Due to the contaminations observed it can be concluded that more
precise control is needed of the ALD process. In particular a stable temperature during the
whole deposition of each of the elements involved is most preferred. In order to avoid build
up of contaminants it is also needed to have a rigorous protocol for cleaning and flushing
the ALD reactor and its precursor dosing lines. Moreover it might be necessary to perform
these protocols between every new deposition.
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Lastly the ALD recipe needs to be investigated further, to find out if the current reactor con-
ditions produce the same CoPi growth characteristics as is reported previously [1][10][15].
The pump-down times after each of the precursor dosing steps should be included in these
investigations as well. As such further analysis of the CoPi microstructure could benefit
from more accurate and precise vibrational data. In particular for the Raman response, the
background subtraction detailed in Chapter 5 could then be employed more consistently
(illustrated by the shifted spectrum of CoPi [19 : 1] in Figure 6.9). Furthermore more cre-
ative recipe designs can be investigated. The first would be researching what qualities re-
sult from repeated (CD) steps within the ALD CoPi super-cycles (see also Figure 3.2 & 3.3).
The assumption here is that the TMP molecule is large enough so that inhibition can occur
towards neighbouring adsorption sites. In this manner repeated (CD) steps could be used
to saturate the surface (more than would be possible with the standard application of the
ALD recipe) with phosphate. Additionally stacked materials could be produced with ALD.
Hereby growing a few nanometres of CoPi and another similarly thick layer of pure CoOx
(which will crystallize into Co3O4 after a certain amount of repeated (AB) half-reaction
steps).
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a atomic layer deposition: first principles

Atomic layer deposition is a technique capable of depositing a variety of thin film materials
from the vapour phase. ALD is not a continuous nor a pulsed process [22]. Instead, ALD is
best described as a cyclical process in which film growth takes place by a repetition of cy-
cles, each of which consisting of several steps. A general ALD process consists of sequen-
tial alternating pulses of gaseous chemical precursors that react with the substrate. The
subsequent individual gas-surface reactions are called half-reactions that result in the syn-
thesis of a thin film material on a substrate. During the first half-reaction, the precursor is
pulsed into a chamber under vacuum conditions. Here the precursor is allowed react with
the substrate surface through a self-limiting process that results in at most a single mono-
layer of growth. Subsequently purging of the chamber with an inert carrier gas (like N2 or
Ar) removes any leftover precursor or reaction by-products. This constitutes the first half-
reaction (A) as is depicted in Figure A.1. In a similar manner a co-reactant precursor pulse
and purge is performed, here again creating up to one monolayer of the desired material.
This constitutes the second half-reaction (B) as is depicted in Figure A.1. The processes of
the half-reactions can then be cycled until the appropriate film thickness is achieved. ALD
processes are characterised by a self-limiting surface chemistry during its steps [22][21]. As
is indicated in Figure A.1 each of the four steps saturate for appropriately long dosing or
purging times.

Figure A.1: Schematics of half-reaction steps A & B in atomic layer deposition. In the top row the
general molecular reactions at the surface are indicated for each step. Additionally for
each of the four steps its growth characteristics are given by the curves below it. Image
edited from [21].

b factor analysis of space group O7
h − Fd3m

The analysis starts by taking Co3O4 as an example with a spinel structure of the space group
O7h − Fd3m. The symmetries of the spinel lattice can best be seen from the perspective of
the Co2+ ion in the tetrahedron. Certain crystallographic operators can be applied to this
point to investigate how the original structure can be maintained after operation. The ro-
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tational operator (Cn) applies a rotation of 360◦/n about an axis, for integer n values. For
reflection of the atom about a plane, the vertical and horizontal mirror plane operators (σv
and σh) can be used. Reflection of all atoms across a centre of symmetry is done by the cen-
tre of inversion operator (i). Additionally the rotation reflection operator involves improper
rotations (Sn). Lastly there is the simple identity operator, E.

Figure B.1: Character table of the Oh point group belonging to the spinel AB2O4 structure. Table
edited from [88].

Table 7: Reducible presentation for an arbitrary translation vector onto the spinel structure. Included
is also the amount of invariant atoms after translation, for A and B cobalt sites and for X
oxygen sites. Table taken from [42].
Class in Oh E 8C3 6C2 6C4 3C2 i 6S4 8S6 3σh 6σd

ω 56 20 8 0 8 16 8 20 0 32

χfull 168 0 -8 0 -8 -48 -8 0 0 32

χprimitive 42 0 -2 0 -2 -12 -2 0 0 8

Invariant atoms
8B

16A
32X

8B
16A
32X

8A 0 8B 16A 8B
8B
4A
8X

0

8B
8A
16X

The first column in Figure B.1 shows the irreducible representations named with the appro-
priate Mulliken symbols [33]. These represent the symmetry species of the point group. In
order to find the number of vibrational modes of the O7h symmetry one needs to evaluate
how many times the irreducible representation is contained within the reducible form. In
order to describe the effect of every operator R on the spinel structure, the character values
χ(R) are introduced. From this the expression [29][42]:

χ(R) = ωR
(
± 1+ 2 cos θ

)
,

can be used to find all the characters comprising the reducible representation. Here ωR
gives the number of invariant atoms resulting from applying the operator R. Additionally
θ indicates the angle of rotation of the particular operator R. The plus and minus are used
for proper and improper rotations respectively. Inspection of the operators used can give the
needed θ values. The resulting characters χ(R) can be calculated by careful counting and ap-
plication of the operators. This can be done by considering the full cell of 56 atoms or the
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primitive cell of 14 atoms. The resulting ωR and χ(R) are given in Table 7. A further anal-
ysis can be done by summing over the character values χ(R) to obtain the total irreducible
representation:

Γ3N = A1g + Eg + F1g + 3F2g + 2A2u + 2Eu + 5F1u + 2F2g.
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c ald copi spectroscopic ellipsometric data

The Figures C.1 and C.2 give the Psi and Delta values from the SE measurements. This data
connects to the results and discussion of section 4.2.

Figure C.1: Ex situ SE measurements are performed on CoPi films and the SE data is fitted us-
ing a Tauc-Lorentz model. Shown are the Psi & Delta values coming from both the
SE measurements and the Tauc-Lorentz fit, given for each of the angles of incidence:
[35◦, 40◦, 45◦, 50◦, 55◦, 60◦, 65◦, 70◦, 75◦, 80◦]. a): CoPi [1 : 0]. b): CoPi [49 : 1]. c): CoPi
[23 : 1].
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Figure C.2: Ex situ SE measurements are performed on CoPi films and the SE data is fitted us-
ing a Tauc-Lorentz model. Shown are the Psi & Delta values coming from both the
SE measurements and the Tauc-Lorentz fit, given for each of the angles of incidence:
[35◦, 40◦, 45◦, 50◦, 55◦, 60◦, 65◦, 70◦, 75◦, 80◦]. a): CoPi [19 : 1]. b): CoPi [11 : 1]. c): CoPi
[5 : 1].
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d raman band positions of co3o4

Table 8: Band positions of the five Raman phonon modes of cobalt oxide (Co3O4) as found in litera-
ture.

Raman mode
Band position

(cm−1)
A1g 666 [67], 677 [66], 680 [68], 689 [39], 690 [69], 693 [70], 696 [43], 698 [27]
Eg 463 [67] , 475 [68], 477 [66], 481 [39], 482 [69], 484 [70], 487 [43], 490 [27]

F2g(3) 600 [67], 613 [68], 619 [39], 621 [69], 622 [70], 627 [43]
F2g(2) 505 [67], 516 [68], 519 [69], 521 [39][66], 523 [70], 528 [43]
F2g(1) 184 [67], 194 [68], 197 [70], 198 [43]

e matlab implementation for background subtraction

This section describes certain aspect of the background subtraction procedure outlined in
Chapter 5. Specifically the manner of implementation of equation 5.3 into a Matlab script is
described. Subsequently Raman spectra of only CoPi result from the script. The methods in-
volved for calculating the fitted peaks with their parameter (area under curves and FWHM)
values are then described as well. This included a description of the calculation of the pa-
rameter uncertainties.

The background subtraction procedure can be implemented with the use of equation 5.3.
In order to find K two regions of the spectrum are chosen that mainly contain background
signal. Looking at Figure 5.1a these are the ranges 150− 200 and 1200− 1300 cm−1. A Mat-
lab script is used to find K where it would minimize [CoPi]R for the selected regions. Before
calculating K an additional linear baseline correction is performed on the background spec-
trum. This is done by looking at the slope between the averages of the regions 150− 200 and
1200− 1300 cm−1 for both the sample and background spectrum. It is assumed that differ-
ences in the slopes reside from wavelength dependent effects such as absorption as seen in
equation 5.2. The linear baseline correction is used as a first order refinement of the back-
ground spectrum, while leaving the desired information within ~SR unaltered. Therefore a
linear baseline correction is performed to make the slope of the background spectrum equal
to that of the sample spectrum.

In order to describe each of the modes separately a fitting procedure is developed to capture
the relative contributions. This is done with a Matlab script that finds the optimum peak
sizes for each Raman mode that coincides best with the spectrum. Here the band positions
are set to be constant with only the width and intensities of the modes left variable. The
band positions are hand-picked nearby the expected literature values. As such a number
of configuration are explored until good correspondence in the fits is reached (see also: Fig-
ure E.1a). The shape of the Raman peaks is expected to result from the phonon confinement
function that predicts a Lorentzian curve [89]. Similar analysis with fitting of Lorentzian
curves of which the sum equals the Raman spectrum, are also performed in [80] and [90].

The Raman spectrum of CoPi [5 : 1] is shown in Figure 6.9 as an example to shed light on
the methods employed. The Raman modes are fitted with the Matlab script in the region of
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450 − 800 cm−1 and result in the curves shown in Figure E.1 for CoPi [5 : 1]. Here it can
be seen that a number a Raman modes contribute to the overall spectrum. From the fit a
good correspondence can be seen with the curve showing no indication of other modes be-
ing present. On the higher wavenumber side however the fit shows less overlap as the Ra-
man signal falls off much more quickly. This is because describing the phonon confinement
function using a Lorentzian peak is only a first-order approximation. From the fitted peaks
variables can be easily obtained about their area and FWHM values.

Figure E.1: a): Raman spectrum of CoPi [5 : 1] shown as the blue curve. The fitted peaks are visual-
ized in red representing the four Raman modes. b): Raman spectrum of CoPi [5 : 1] is
shown as the blue curve and the cumulative curve of the fitted peaks is shown in red.

For a better understanding of the obtained variables of the peak fitting the uncertainties are
also calculated. In order to do this first the uncertainty in the intensity of the Raman spec-
tra needs to be obtained. Describing the standard deviations is best done by looking at each
data point individually. Here each point resides from two identical measurements (see sec-
tion 5.4) for each of the sample and background spectra. The uncertainty for both types of
spectra can be calculated with the difference spectrum, giving standard deviations σs for
the sample and σb for the background spectrum. The two spectra are subtracted from each
other in some form to obtain the intensity. Applying the rules for subtracting uncertainties
(Appendix G: equation 28) then gives, σI, the uncertainty in the intensity:

σI =
√
σ2s + σ

2
b.

The area under the curve is simply the intensity × frequency. The spectral linewidth of the
laser used is specified as < 1 MHz which amount to much less than a single reciprocal cm.
The standard deviation in the frequency axis is therefore assumed zero. The uncertainty in
the intensity then convert directly into the standard deviation of the area under the curve,
simply σA = σI. The uncertainty in the FWHM, labelled σF can be connected to σA. As the
size of the Lorentzian peak couples with the FWHM so do the uncertainties. For a peak of a
certain size, variations in FWHM, (F), cause a change in the area under curve, A. Assuming
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some function f connect the quantities like, A = f(F), the rule of uncertainties for functions
(Appendix G: equation 30) can be used. The following expression can then be found:

σF =

(
∂f
∂F

)−1

σA. (24)

The differential ∂f
∂F in equation 24 can be found numerically for each fitted peak by looking

at small variations of its FWHM values. From this up to four of the five Raman modes can
be fitted for all the CoPi samples. Here values are found for the area under curves [counts cm−1]

divided by the sample thicknesses [cm], given as A/d0 and FWHM [cm−1]. Here each with
their respective standard deviations.

f jahn-teller effect in limn2o4 , co3o4 and copi

Distortions on octahedral sites of transition metal oxides can influence the Raman mode
broadness via the Jahn-Teller (JT) effect [37], caused by a degeneracy of electron orbital states
[35]. One of the bonds of the configuration is then elongated along a vibrational coordinate
in order to alleviate the orbital degeneracy. For an electronic configuration the d-orbital en-
ergy levels split into either doublet eg or triplet t2g states [35]. For octahedral arrangements
t2g is at lower energy and fills up first with valence electrons, while the opposite is true for
the tetrahedra [35]. For a spinel structure such as LiMn2O4 octahedral distortions occur
due to different charges in the Mn ions giving rise to increased A1g band broadness. Here
the d-orbital contains four electrons for Mn3+ giving the electronic configuration (t2g)

4, as
the last electron can fill either of the three spin states of equal energy the JT effect applies.
Similarly for the d-orbital of Mn4+ it contains only three d-electrons giving no degeneracy.
This result is consistent with experiments in [37] showing octahedra that are isotropic for
Mn4+O6 while locally-distorted for Mn3+O6.

To what extent cobalt polyhedra can be distorted via the JT-effect is dependent on the par-
ticular configuration. For crystalline Co3O4 the polyhedra can each be evaluated. The elec-
tronic configurations are (t2g)

3(eg)
4 for tetrahedral Co2+ [8][91] and (t2g)

6 for octahedral
Co3+ [92][91]. Both cases contain no degeneracy in the orbital levels and are JT inactive.
For the case of CoPi more possibilities have to be considered. As for crystalline CoPi, only
Co2+ octahedral units are expected, giving rise to the high spin [14] electronic configuration
(t2g)

5(eg)
2 [18][8][93]. Here again it is expected that no degeneracy occurs showing that

crystalline CoPi is JT inactive. It is therefore expected that amorphous CoPi being made up
by domains of Co3O4 clusters and phosphate units is mostly JT inactive. At the boundary of
the Co3O4 clusters however polyhedra containing the Co−O−P bonds give rise to electronic
environments that are dissimilar to both Co3O4 and crystalline CoPi. Theoretically the con-
figuration (t2g)

6(eg)
1 can form here that does produce orbital degeneracy and is therefore

JT active. As the Raman & IR vibrational modes of the Co−O−P are considered to be inac-
tive or weak in this work further structural distortions due to the JT effect are assumed irrel-
evant.

g propagation of uncertainties

All equations in this section describe the characteristics of the propagation of uncertainties
using the rules for 68% –intervals.
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Combining multiple measurements xi with uncertainty ∆xi of the same quantity can be
done by first defining a weighting coefficient Gi for every measurement given as:

Gi =

(
1

∆xi

)2
. (25)

Now the weighted average xavg of n measurements can be defined as:

xavg =
x1G1 + x2G2 + · · · xnGn

G1 +G2 + · · ·Gn
. (26)

For xavg the new uncertainty ∆xavg is defined as:

∆xavg =
1√

G1 +G2 + · · ·Gn
. (27)

Adding or subtracting multiple measurements xi with uncertainty ∆xi of the same quantity
can be done by adding the squares of the uncertainties:

∆xavg
2 = ∆x1

2 +∆x2
2 + · · ·∆xn2. (28)

Multiplying or dividing multiple measurements xi with uncertainty ∆xi of the same quan-
tity can be done by adding the relative squares of the uncertainties:(

∆xavg

|x|

)2
=

(
∆x1
|x1|

)2
+

(
∆x2
|x2|

)2
+ · · ·

(
∆xn

|xn|

)2
. (29)

For multiple measurements xi with uncertainty ∆xi that are described by a function con-
necting the set as: xavg = f(x1,x2...xn), the resulting quantity has the uncertainty:

∆xavg
2 =

∑
i

(
∂f
∂xi

∆xi

)2
. (30)
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