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1 Introduction 

1.1 Background – electrochromism in general 
About 500,000 years ago humankind started using fire, primarily for cooking 
and heating. Not yet being able to create fire themselves, they had to take it 
from fires caused by lightning – and then carefully preserve it, never letting 
the fire die. Since then we have grown accustomed to have access to large 
amounts of energy, mostly being fossil in form of oil and coal. However, the 
fossil fuel reserves are emptying while the need of energy is increasing, and 
we have found ourselves in a situation not very different from a cave man 
running out of firewood. At the same time we have become painfully aware 
of the results of the environmental pollution caused by fossil energy use. To 
find our way out of this problem, renewable power sources have to be devel-
oped to reduce the need of fossil fuel. Another, complementary, way is to cut 
as much unnecessary energy consumption as possible. Much energy is used 
to heat and cool buildings to comfortable temperatures. Architectural design, 
favoring large windows, increases the energy need even further since win-
dows are rather poorly insulating. To decrease the energy demand for cool-
ing buildings in a hot climate, the windows may be coated by a thin film that 
is near-infrared reflecting but transparent in the visible wavelength interval. 
In cold climates, the window may be coated by a low thermal emittance thin 
film to avoid high thermal fluxes through the window. However, the desir-
able properties of the coating often vary due to changes of season and time 
of day. To meet this demand coatings that can change their optical properties 
have been developed [1]. Some coatings change from a bleached state to a 
colored one when illuminated, while some do it as a response to increased 
temperatures. These coatings are fully autonomous and the user cannot eas-
ily change the coating color state if wanted. Coatings that can change color 
reversible and sustainable in accompaniment with electron-transfer or ‘re-
dox’ reactions can be controlled by an applied potential and are called elec-
trochromic (EC) [2-3]. The electrochromic behavior is found in several or-
ganic and inorganic materials. The EC effect has been intensively investi-
gated since the 60’s and is well known for transition metal oxides of tung-
sten, vanadium, nickel, and iridium among others [3]. The EC materials can 
be divided into two sub-categories, the ones that darken upon reduction are 
called cathodic, whereas the materials that color upon oxidation are called 
anodic. 
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1.2 Electrochromic devices 
An EC device must consist of several layers as depicted in Figure 1.1. The 
device is either built up by five layers on one substrate, or by two coated 
substrates, which are laminated together with electrolyte in between. Nor-
mally, the substrate is glass, but flexible polymer foils may be used to in-
crease the field of applications [4-5]. To make use of the EC effect the sub-
strate is coated by electrical conductors, which have to be transparent in the 
visible wavelength interval. The most common conductor is tin doped in-
dium oxide, In2O3:Sn, known as indium-tin-oxide (ITO) [6]. The ion con-
ductor can either be a solid state electrolyte, in the form of a metal oxide 
with high hydrogen or lithium conductivity, or a viscous polymer. As can be 
seen in Figure 1.1 a cathodic and an anodic EC layer are combined in the 
device. Tungsten oxide is often used as the cathodic material since it can 
switch from a highly transparent state to a very colored one, while several 
materials can be chosen as the anodic EC material, iridium oxide (IrOx) 
being one of them. Compared to nickel oxide, which is a more frequently 
used anodic electrochromic oxide [7-8], the iridium based oxides are less 
coloring but they show greater chemical stability. 

 
Figure 1.1. Schematic picture of a device consisting of five layers and two sub-
strates. The device colors when positive ions are transported from the anodic layer to 
the cathodic one, and bleaches when the polarity is changed to transport the ions in 
the other direction. 
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1.3 Applications 
As for most techniques it is only the imagination that limits the number of 
applications. The greatest interest is in energy efficient windows [9-10], 
often called smart windows, while the most spread application is autono-
mous antidazzling rearview mirrors for cars [11]. Some more exotic space 
applications under investigation are the use of EC films for thermal control 
of spacecraft [12-13] and solar sail attitude control and stabilization [14]. 

1.4 Some properties and history of electrochromic 
iridium oxide 

Iridium oxide belongs to the family of transition metal dioxides with rutile 
type structure. It means that each iridium atom is surrounded by six oxygen 
atoms in a distorted octahedral array, which shares edges and corners with 
neighboring arrays forming a metal dioxide. The arrangement of crosslinked 
chains form vacant channels, which may act as transport tunnels for interca-
lated ions. In 1976 the electronic structure was calculated by Mattheiss [15] 
and it was found that the Fermi level is positioned in an Ir 5d band, which is 
divided into two complexes, t2g and eg, by a ligand field splitting as depicted 
in Figure 1.2. This has been confirmed by Xu, Jarlborg and Freeman [16] 
and de Almeida and Ahuja [17]. 

 
Figure 1.2. Density of states for the valence band (oxygen p levels) and conduction 
band (iridium d levels) as calculated by Mattheiss [15] (From Goel, Skorinko and 
Pollak [18]). 

It has been found from an investigation of the optical properties of crystal-
line iridium oxide that the optical absorption below 2.5 eV is assigned to 
free-carrier absorption and intraband transitions in the Ir 5d band and that the 
refractive index varies between 1.2 and 2.3 in the visible wavelength inter-
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val. The absorption at higher energies is mainly due to interband transitions 
between the O 2p and Ir 5d bands with an onset about 3.5 eV [18]. For IrOx 
thin films, it has been reported that the features of the refractive index are 
smoothed out as compared to the crystalline oxide [19]. The electrochromic 
effect in iridium oxide was first reported in 1978 [20-22]. These anodically 
grown iridium oxide films (AIROF) were produced by multiple cycling of 
metallic iridium in sulphuric acid whereas sputter deposited iridium oxide 
films (SIROF) were first prepared in 1979 by Schiavone, Dauremont-Smith, 
Beni, and Shay [23]. The main difference between these two types of elec-
trochromic iridium oxide films would be the coloration process. It is gener-
ally assumed that [24] 

bleachedcolored
IrOOHeHIrO ��� ��

2  (1.1) 

for SIROF and  

� � � �
bleachedcolored
OHIreHOHIrO 32 ��� ��  (1.2) 

for AIROF.  
Electrical resistivity measurements of as-deposited SIROF’s shows a 

semiconductor-metal transition at ~300 °C, where the amorphous IrOx starts 
to crystallize. This crystallization also decreases the electrochromic perform-
ance [25]. It has also been shown that electrochromic sputtered IrOx exhibits 
a metal-non metal transition, for temperatures <100 K, at a steady state po-
tential ~0.45 V vs. saturated calomel electrode. This transition is associated 
with an Anderson transition, which occurs when the Fermi level moves from 
extended electronic states (high potentials) to localized states in the upper 
part of the t2g band (low potentials) [26]. 
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2 Theoretical considerations 

2.1 Optics 
2.1.1 Optical constants 
Since the optical properties play a major role in the use of electrochromic 
materials, it is essential to be able to determine them in a reliable manner. To 
do so, the reflectance (R) and the transmittance (T) are measured as functions 
of energy � ��� , angular frequency � �� , or wavelength � �� . From R and T 
measurements, the absorptance (A) can be determined as 

� � � � � ���� TRA ��	1 . (2.1) 

However, since both T and A are very dependent of the film thickness, the 
material optical properties are commonly described by means of the wave-
length dependent (and thickness independent) optical constants, normally 
complex refractive index (N), complex dielectric constant � �
~ , or complex 
optical conductivity � ��~ . The first two are related through 

� � 21
22 


 iiknN~ �	�		  (2.2) 

where n is the refractive index, i the imaginary unit, and k the extinction 
coefficient, while the less common optical conductivity is related to 
~  
through the permittivity of vacuum, 0
 , as 

� �102021 1 
�

�
��� ��	�	 ii~ . (2.3) 

The complex refractive index is often used to describe what happens to light 
that passes through a material, whereas the dielectric constants describes the 
interaction between an electromagnetic (EM) wave and the oscillating 
charges in the material. The interaction can in many cases be described by 
Lorentz and Drude models. 

2.1.2 Lorentz and Drude models 
The Lorentz and Drude models depict the oscillating charges as a spring 
oscillator driven by an external force, where the driving force is the EM 
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wave. The Lorentz model assumes that the particles are bound with an elas-
tic force and that the particles experience “friction” when they oscillate. It 
describes the dielectric response of bound charges like localized electrons or 
ions, whereas the Drude model assumes free charges, such as free electrons, 
with no elastic force. The complex dielectric constants for the Lorentz and 
Drude models are given as [27] 

� � � � ���
�	  ���
�
�


i
~

pLorentz 22
0

2 1  (2.4) 

and 

� �
��

�	  ��

�

�


i
~ p

Drude 2

2

 (2.5) 

respectively, where 
 is the dielectric constant for infinite frequency, p�  
the plasma frequency, 0�  the resonance frequency, and �  the damping fac-
tor. 

2.1.3 Non-coherent cases 
For a thick sample, considered as two surfaces (A and B) separated by the 
sample thickness, d, in which the light coherence is lost, there are multiple 
reflections as described in Figure 2.1. 

 
Figure 2.1. Schematic picture of light propagation in a non-coherent sample. 
Here 0�  and s�  are the complex admittances, given by (2.14) and (2.15), of the 
surrounding medium (air) and the sample, respectively. 

RA, and RA* are the front side, and back side, reflectance of surface A respec-
tively, TA is the transmittance of surface A, whereas TB and RB are the trans-
mittance and reflectance of surface B. It can be seen that the total T and R 
are sums of transmitted and reflected light given as 
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s
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�
	

��	
 (2.6) 

and 

� �

s

s

ss

cosd
*AB

cosd
BA

A

cosd
B*ABA

cosd
BAA

eRR
eRTR

...eRRRTeRTRR

��

��

����

2

22

4222

1 �

�

��

�
�	

���	
 (2.7) 

where �  is the absorption coefficient, which is related to the extinction co-
efficient as 

�
�� k4

	 . (2.8) 

The relation between 0�  and s�  is given by Snell’s law; 

ss sinNsinN �� 	00 , (2.9) 

where 0�  is the incident angle of light. As there is no absorption in the inter-
faces, 

A*AA RRT �	�	 11  (2.10) 

and 

BB RT �	1 , (2.11) 

where RA and RB are calculated as 

2

0

0

s

s
AR

��
��

�
�

	  (2.12) 

and 

2

0

0

��
��

�
�

	
s

s
BR . (2.13) 
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The complex admittance for medium j, j� , is given as 

j

j
j cos

N
�

� 	  (2.14) 

for p-polarized light, and 

jjj cosN �� 	  (2.15) 

for s-polarized light. 

2.1.4 Thin film optics 
If a multilayer structure of n thin films, in which the light coherence is not 
lost, are added onto surface A, T and R can still be calculated using (2.6) and 
(2.7), but TA, RA, and *AR  have to consider the thin film structure on the 
substrate instead of the single interface. A convenient way to calculate TA, 
RA, and *

AR  for a multilayer structure on a substrate is to use the matrix for-
malism for multilayer calculations. In the matrix formalism the complex 
admittance, Y for an entire thin film assembly between media a (incident) 
and b (exit) is calculated as [28] 

B
CY 	 , (2.16) 

where C and B are given by the characteristic matrix of the assembly 

� �
�
�

�
�
�

�

��

�
�
�

��

�
�
�

�
�

�
�
�

�
	�

�

�
�
�

� �
	 b

n

j jjj

jjj

cossini
sinicos

C
B

�  �
�  1

1

, (2.17) 

where the phase shift 

�
�

� jjj
j

cosdN
2	 . (2.18) 

RA is then calculated as 

2

Y
Y

R
a

a
A �

�
	
�
�

 (2.19) 
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and TA as 

� �
� �*BCRe

R
T Ab

A
�

	
1�

, (2.20) 

where C* denotes the complex conjugate of C. *AR  is calculated as RA but 
with reverse indexing of the media as depicted in Figure 2.2. R and T can 
thereby be determined for a multilayer assembly, on a substrate, knowing 
refractive indices of all components and their thicknesses. This formalism 
for multilayer calculations has been expanded to include the non-coherent 
layers into the matrix formalism by Pfrommer, Lomas, Seale, and Kupke 
[29]. The optical constants can thus be determined for one layer at a time by 
measuring R and T, and numerically inverting them to optical constants. 

 
Figure 2.2. Schematic picture of light propagation through a multilayer stack of thin 
films between two media. It should be noted that the indexing of the layers is differ-
ent for RA and RA*. 

Alternatively the absorption coefficient can approximately (+/- 15%) be 
calculated from the optical densities of a single film and the underlying sub-
strate using the expression [30] 

!
"
#

$
%
& �

	
T

RlnODeff
1 , (2.21) 

where ODeff is the effective optical density calculated from T and R of the 
film upon the substrate. The optical density of the substrate can be corrected 
for, if the refractive indices of the film and substrate are comparable, as 

film

substrateeff

d
ODOD �

	� , (2.22) 

where dfilm is the film thickness and ODsubstrate the optical density calculated 
from T and R of the uncoated substrate. 
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2.2 Density of states 
An important property of electrochromic materials is their density of states 
(DOS) since the coloration in the visible wavelength region involves elec-
tron excitations between filled and empty states by for example an interva-
lence charge transfer mechanism [31]. The DOS represents the filled and 
empty electronic energy levels as a function of energy. The energy of the 
highest filled electron state, in a partially filled band, is called the Fermi 
energy. For a crystalline material bands are well defined, while the band 
edges are smeared out for an amorphous or nanocrystalline material, creating 
band tails into the band gap. These tails often contain the localized states, 
since they are associated with the most disordered sites [32] as illustrated in 
Figure 2.3. However, since the main features of DOS are determined by the 
short-range order [33] the DOS for a nanocrystalline material is expected to 
remain qualitatively the same as for the crystalline material. 

 
Figure 2.3. Density of states for a disordered material, with localized electron states 
creating band tails into the band gap. 

2.3 Order and disorder 
Solid materials can be divided into two categories, ordered and disordered. 
The ordered materials are often crystalline and have their atoms arranged in 
a regular lattice as illustrated in Figure 2.4 (a). This long range ordering 
makes electron states extended since the electrons are not deflected by ion 
cores positioned in a periodic lattice. The energy of each electron state be-
comes a well defined function of the electron wave vector � �k , often referred 
to as the dispersion relation, � �kE . Compositionally, positionally, and topo-
logically disordered materials, illustrated in Figure 2.4 (b-d), have electron 
states with poorly defined dispersion relation, making the electron states 
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close to defects localized [32]. However, extended states may also exist in an 
amorphous or a disordered material as described by Klingshirn [34]. 

 
Figure 2.4. Three different types of disorder, compositional (b), positional (c), and 
topological (d), compared with an ordered lattice (a). 

2.4 Fractals 
Another way to describe disorder is to introduce fractals [35]. Fractals may 
be used to describe morphology that is scale independent within certain lim-
its (cut-offs), and can be applied to snowflakes, coast lines, and most sur-
faces. Fractals can be divided into two groups, self-similar fractals and self-
affine fractals. The self-similar fractals are unchanged when the scale is 
changed isotropically, whereas self-affine fractals have different scaling 
behaviors for different directions. A quantitative measure of the fractality of 
an object is its fractal dimension df, which is defined through the relation 
between the “measure”, M, of the structure at resolution L and L/r 

� � � �LMrr/LM fd	 . (2.23) 
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As a classic example of a random fractal line, Britain is depicted in Figure 
2.5 with the coast line measured with a resolution of 200, 100, and 50 km. 
The “measure” in each case is 12, 28, and 75 respectively. Using (2.23) 
gives a fractal dimension of ~1.3 for the coast line. Similar analysis may be 
performed for surfaces and volumes [35]. 

 
Figure 2.5. Coast line of Britain as an example of a random fractal line, with the 
length measured using different resolutions. 

The power spectral density (PSD) function, � �Kg , for a two dimensional 
surface with surface profile, � �rh , is defined as [36] 

� � � � � �
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K is the spatial wave vector and S the area, r the position vector. The band-
width limited root-mean-square (RMS) surface roughness can then be calcu-
lated as [37] 
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where KS is the integration area in the K plane limited by the measurement, 
and Kmin and Kmax the minimum and maximum K values. It has been shown 
that the RMS surface roughness scales with length scale as [38-39] 

� � *LL� +  (2.26) 
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for length scales smaller than those where the asymptotic constant RMS 
values are seen. The exponent � is related to the fractal dimension df of the 
rough surface as 

�d f �	 3 . (2.27) 

2.5 Rigid band model 
To describe what happens when ions are intercalated into a material, an ap-
proximation of a rigid band structure is often used. In the model, the elec-
tronic bands are assumed to be unchanged by the intercalation, and the 
charge compensating electrons are filling one-electron levels, one after an-
other, as more ions are intercalated. If the Fermi level is moved towards the 
band gap, the optical absorption will decrease, while it will increase if the 
Fermi level is moved away from the band gap as illustrated in Figure 2.6. 

 
Figure 2.6. Movement of Fermi level in a rigid band material, which is anodically 
electrochromic. 

However, the introduced charge will also “screen” lower lying electron 
states shifting the whole band structure towards lower energy. This phe-
nomenon is more pronounced for crystalline materials, where inserted elec-
trons fill extended states [40], than for disordered materials, whose localized 
electron states have a weak screening ability [41]. 
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2.6 Electrochemical theory 
Since the EC effect in iridium oxide based thin films is controlled through 
electrochemical reduction and oxidation by ion intercalation and deintercala-
tion, the electrochemical properties are of interest. 

2.6.1 Randles equivalent circuit 
When measuring electrochemical properties of a sample, the sample is used 
as a working electrode in a galvanic cell, where it is separated from a counter 
electrode by an ion containing electrolyte. The intercalation level can be 
controlled by applying a current or a potential. When a current or potential is 
applied to the sample, electrons move from the outer circuit into the sample 
providing a driving force for mobile ions in the electrolyte. The ions will 
then migrate through the electrolyte due to the electric field and enter the 
sample through a charge transfer process, creating a concentration gradient 
of intercalated ions in the electrode. The concentration gradient will act as a 
driving force for chemical diffusion of the ions in the electrode. A frequently 
used model for describing the dynamic electrochemical response of this in-
tercalation process is the Randles [42] equivalent circuit, shown in Figure 
2.7. It contains an Ohmic resistance, ROhm, representing the resistance of the 
electrolyte, cables, etc., a charge transfer resistance, Rct, which represents the 
electrolyte-electrode interface, a double layer capacitance, Cdl, and an open 
Warburg impedance, ZW, describing the solid phase chemical diffusion of the 
intercalated species in the host. 

 
Figure 2.7. Randles circuit containing Ohmic resistance ROhm, double layer capaci-
tance Cdl, charge transfer resistance Rct, and Warburg impedance ZW. 

2.6.2 Anomalous diffusion 
The open Warburg impedance can for an intercalation electrode, with thick-
ness L, be visualized by a distributed equivalent circuit of impedances 
(transmission line) [42-43], as depicted in Figure 2.8 (a), where rm is the 
resistance per unit length and cm the capacitance per unit length. Ordinary 
diffusion (OD) is described by Fick’s second law 
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where c is the concentration, t the time, D the diffusion coefficient, and x the 
distance. This law is a combination of the continuity and the constitutive 
equation. The continuity equation is a conservation law which relates the 
time variation of the concentration to the macroscopic flux, J, as 
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and the constitutive equation relates the flux to the concentration gradient 
through the diffusion coefficient as 

x
cDJ
,
,

�	 . (2.30) 

D relates to the components of the transmission line in Figure 2.8 (a) as [43] 

mmrc
D 1

	 . (2.31) 

In cases where at least one of (2.29) and (2.30) do not hold, one speaks of 
anomalous diffusion (AD) [43]. Two different cases of AD (Ia and Ib) can 
be visualized by altering the transmission line for OD by replacing the dis-
tributed resistance (rm), or capacitance (cm), with distributed constant phase 
elements (CPE) as illustrated in Figure 2.8 (b-c). The distributed CPE im-
pedances can be described by a CPE prefactor (q) and a CPE exponent (p) as 

� � p
CPE jqz �	 � , (2.32) 

where j is the imaginary unit, and �  the angular frequency. It can be seen 
that if p is equal to unity the CPE will describe a capacitor with a capaci-
tance 1/q, whereas if p is equal to zero the CPE will describe a resistor with 
resistance q. It should also be noted that the impedance of the horizontal 
elements in Figure 2.8 have the dimension m/- , whereas the vertical ele-
ments have the dimension m- . qm in Figure 2.8 (b) and (c) have for this 
reason the dimensions .�-ms  and � � ms .��- 1  respectively. 
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Figure 2.8. Transmission lines for ordinary diffusion (a), “anomalous” diffusion Ia 
(b), and “anomalous” diffusion Ib (c). It should be noted that the horizontal elements 
have the dimension m/- , whereas the vertical elements have the dimension m- . 

AD Ia describes cases where the number of diffusing particles is not con-
served in the system because of trapping or reactions, and the continuity 
equation is generalized by using a fractional derivative as 
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D for AD Ia relates to the transmission line components in Figure 2.8 (b) as 
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AD Ib describes systems where the diffusion process itself becomes “anoma-
lous” - or fractional. This has been reported for disordered materials and can 
be interpreted as percolation or diffusion on a fractal network. The constitu-
tive equation is changed into 
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D for AD Ib relates to the transmission line components in Figure 2.8 (c) as 
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mmqc
D 1
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It should be noted that D in (2.34) and (2.36) has the dimension .sm2 . An 
effective diffusion coefficient with dimension sm2  can be calculated as 

.� �	 1
deff DD , (2.37) 

where d�  is the characteristic frequency given as 

� � .
�

12LDd 	 . (2.38) 

A description of the fractional time derivative can be found elsewhere [44]. 

2.6.3 Electrochemical density of states 
The equilibrium, chemical, potential of an intercalation electrode depends on 
the energy of the inserted ions as well as the charge compensating electrons. 
For crystalline intercalation materials the equilibrium potential mainly re-
flects the ion site energies [45], whereas the chemical potential is dominated 
by the electronic contribution for disordered intercalation materials [46]. For 
this reason the DOS, per formula unit and eV, for a disordered intercalation 
material, can be determined from the capacitive elements as 

units formulaN
eCDOS
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	 , (2.39) 

where units formulaN is the number of formula units, and 

LcC m	  (2.40) 

for OD and AD Ib, and we suggest, as in analogy with (2.37), that 
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for AD Ia. 
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2.6.4 Reaction kinetics 
In cases where the reaction rate is limited by chemical diffusion, the system 
is said to be under diffusion control. This is the case when the Ohmic and 
charge transfer resistances are small compared to the diffusion resistance, 
and can be neglected. When they cannot be neglected, the system is said to 
be under mixed control until the reaction rate is completely controlled by the 
ohmic drops and insertion reaction kinetics. A measure of the reaction limit-
ing kinetics is the 0 parameter, which was introduced by Montella [47] who 
investigated the effect of charge transfer kinetics and Ohmic potential drops 
when using potential step methods for the determination of diffusion coeffi-
cients of guest species in host materials. 

ctOhm

d

RR
R
�

	0 , (2.42) 

where Rd is the diffusion resistance, which is given as 

LrR md 	  (2.43) 

for OD and AD Ia, and as 

1�	 .�dmd LqR  (2.44) 

for AD Ib. 
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3 Experiment 

3.1 Sample preparation 
All films investigated in this study have been deposited using DC magnetron 
reactive sputtering [48]. Sputtering is a physical vapor deposition (PVD) 
technique where a plasma of inert working gas is formed close to the targets, 
whose atoms are knocked out as plasma ions are bombarding the target sur-
face. The plasma is created and sustained by a high voltage, causing elec-
trons to ionize the working gas. The positive gas ions are then accelerated 
toward the target. There are two kinds of sputtering, DC and RF. DC implies 
that a current is constantly drawn from the target, which consequently has to 
be electrically conducting. If the target is insulating or poorly conducting RF 
sputtering may be used. RF stands for radio frequency and the current is 
oscillating at a high frequency, disabling charge to build up at the target. To 
increase the lifetime of ionizing electrons and thereby the number of ionized 
ions, the target is attached in the magnetic field of a strong magnet. The 
flexibility of sputtering is improved when gases are added into the deposition 
chamber, letting the added gas react with the atoms from the target on the 
substrate surface. This method is referred to as reactive sputtering, schemati-
cally depicted in Figure 3.1. The thin films studied were prepared using a 
UTT400 system. It has four target positions allowing the user to produce 
mixed oxides and/or multilayered structures. Mixed two compound oxides 
were produced using co-sputtering, which means that two targets are sput-
tered at the same time. The thin films investigated have been prepared by 
DC magnetron sputtering of 99.95% pure metal targets of iridium and tanta-
lum in a 99.998% pure argon-oxygen-atmosphere at 30 mTorr. The targets 
are 5 cm in diameter and positioned 13 cm from the substrate. The argon gas 
flow was constantly kept at 50 ml/min. Parameters specific for the prepara-
tion of iridium oxide (IrOx), tantalum oxide (TaOx), and iridium-tantalum 
oxide (IrTaOx) are summarized in Table 1. 
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Figure 3.1. Schematic picture of a DC magnetron reactive sputtering system. 

Thin films were deposited onto ITO covered glass (ITO/glass), Kapton foil, 
carbon, silicon, and carbon covered copper grid substrates for physical char-
acterization, onto ITO/glass for electrochemical characterization, and onto 
ITO/glass, sapphire and Corning glass for optical characterization. 

Table 1. Typical preparation parameters and deposition rates 

 IrOx TaOx IrTaOx 

Power Ir/Ta [W] 200/- -/220 100/220 
O2/Ar flow ratio 1 0.094 0.14 
Deposition rate 
[nm/s] 

1.3-2 ~0.6 ~0.9 

3.2 Physical characterization 

3.2.1 Profilometry 
For film thickness measurements an Alpha Step profilometer is used. It uses 
a diamond tip, which is gently drawn over the sample from a coated to an 
uncoated part. The height resolution of the instrument is approximately 0.5 
nm, and the scan length is 2 mm. To get an uncoated part of the sample, the 
substrate is partially covered with Kapton tape during the deposition. The 



 27

measurement was performed several times for each sample to get an average 
over variations in film thickness. 

3.2.2 Atomic force microscopy 

Atomic Force Microscopy (AFM) is a very powerful tool to investigate the 
surface topology at a high resolution [49]. A sharp tip on a cantilever is care-
fully moved across the surface while a laser beam is reflected on the cantile-
ver to a position sensitive detector. The detector provides feedback to a con-
trol system, which keeps the cantilever at a fixed distance from the surface, 
preventing the tip to break. The topography of as-deposited films was im-
aged by three micrographs, with different length-scales, using a Nano-
Scope III Atomic Force Microscope. 

3.2.3 X-ray diffraction 
X-ray Diffraction (XRD) is by far the most common way to determine the 
structure of a crystalline material [50]. Atoms forming planes in the material 
diffract x-rays according to Bragg’s law 

1� sindp hkl2	 , (3.1) 

where p is an integer, � the x-ray wavelength, dhkl the plane-plane distance, 
and 1  half the diffraction angle. For an ideal single crystal the measured 
broadening BM of a peak (full width half maximum, FWHM) is given by the 
instrumental broadening BI, whereas the FWHM for a nanocrystalline thin 
film is also affected by strain
 and the effective grain size t*. These proper-
ties can be calculated from the instrumental compensated broadening 
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according to the Williamson-Hall equation 

1
�1 sin
*t

.cosB 490
�	 . (3.3) 

Here 0.9 is a geometrical factor used for perfect sphere shaped grains. If 
strain is disregarded, equation (3.3) can be simplified to Scherrer’s equation 

1
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The value of t* is not to be taken as a true size of the grain, but as an effec-
tive grain size since it is unlikely that all grains are shaped as spheres with 
the same size. XRD analysis was performed for IrOx and IrTaOx deposited 
on ITO/glass at the Brazilian Synchrotron Light Laboratory (LNLS), Campi-
nas, Brazil, by Grazing incidence X-ray Diffraction (GIXRD) in the X-ray 
Powder Diffraction beamline D10B using a graphite (002) analyzer em-
ployed for the study of samples with a lower degree of crystalline perfection 
and using a photon energy of 7100 eV. The LNLS storage ring has a 2 T 
bending magnet and operates at an energy of 1.37 GeV with an average 
stored current of 0.2 ampere. Typical photon flux onto the sample was 109 
photons per second. 

3.2.4 Scanning electron microscopy 
Scanning electron microscopy (SEM) is a commonly used method to inves-
tigate structural features down to ~10 nm [51]. Electrons are emitted from an 
electron gun, accelerated in an electric field and focused into a beam, which 
is scanned over the sample line by line in a rectangular raster pattern. As the 
beam electrons enter the sample they interact with the sample atoms and 
generate a variety of signals. The most used signal is from the secondary 
electrons, which are sample atom electrons that have been ejected by interac-
tions with the primary beam electrons. The energy of the secondary electrons 
is less than 50 eV and most of the contrast comes from sample topography, 
which makes the interpretation of the micrographs easy. A LEO 1550 with 
field emission gun (FEG) was used to examine the cross sectional structure 
of IrOx and IrTaOx thin films deposited onto iridium covered silicon, and 
coated with gold (IrOx) or a metallic iridium-tantalum mixture (IrTaOx). 

3.2.5 Rutherford backscattering 
Rutherford backscattering spectroscopy (RBS) is a technique to determine 
the elemental composition of a sample [52-53]. It normally uses 2 MeV 4He 
ions as projectiles, with a scattering angle of 168 degrees. At impact with a 
target atom in the sample, the helium ion is backscattered elastically with an 
energy determined by the target atom mass. Considering the elemental cross 
sections, equipment geometry, etc, the concentration of different elements in 
the sample can be determined. Unfortunately, the technique is not suitable 
for samples containing elements which are close in mass, Ir and Ta for ex-
ample. RBS measurements were performed at the Tandem laboratory at 
Uppsala University for IrOx, TaOx, and IrTaOx deposited onto carbon. 
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3.2.6 X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS), or ESCA (Electron Spectroscopy 
for Chemical Analysis), is a method which is useful to investigate surfaces 
and thin films [54]. The method does not only give information about the 
elemental composition, but also about how the atoms are binding to each 
other. To get this information, the sample is irradiated by x-rays, whose en-
ergy is transformed to kinetic energy of electrons through the photoelectron 
process. The kinetic energy (Ek) is given by the x-ray energy � ���  and the 
binding energy (Eb) of the atom as 

bk EE �	 �� . (3.5) 

XPS was performed for IrTaOx, IrOx, and TaOx thin films deposited on 
silicon substrates for composition analysis using a PHI Quantum 2000 
equipment, using Al K�  radiation, operated at a pass-energy of 11.75 eV 
and a beam diameter of 150 μm, at the Ångström Laboratory. A more thor-
ough analysis of IrOx and IrTaOx deposited onto glass was performed at 
LNLS, Brazil, using the SXS (Soft X-ray Spectroscopy) beamline D04A 
with excitation energy of 1922.6 eV with a PHOIBOS 150 electron analyzer. 
In this experiment the samples were intercalated in a 0.1 M H2SO4 electro-
lyte. 

3.2.7 X-ray absorption spectroscopy 
X-ray absorption spectroscopy (XAS) is a technique for investigation of 
empty electron states by exciting electrons from core electron states, by X-
ray irradiation, to the empty states above the Fermi level [55]. For these en-
ergies the X-rays will be absorbed, which will give a picture of the unoccu-
pied electron states in the sample. XAS was performed, for a stack of 45 
Kapton foils coated with IrOx, at LNLS, Brazil, at the D04B beamline X-ray 
absorption spectroscopy, using a Si (111) monochromator, with a total reso-
lution of 6.16 eV. In this experiment the samples were intercalated in a 0.1 
M H2SO4 electrolyte and a Pt foil was used for calibration. 

3.2.8 Transmission electron microscopy 
Transmission electron microscopy is a powerful method developed to inves-
tigate the atomic structure of <100 nm thick samples [51]. In contrast to 
SEM, micrographs are produced by the transmitted primary beam electrons, 
and there is no need to scan the electron beam. A FEG equipped Tecnai F30 
ST operating at 300 keV was used to obtain visual images of samples of 30 
nm IrOx and IrTaOx deposited onto carbon covered copper grids to deter-
mine grain size and crystallinity. 
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3.2.9 Energy dispersive X-ray spectrometry 
Energy dispersive X-ray spectrometry (EDX) is a technique incorporated in 
electron microscopes. It uses element characteristic X-ray radiation for ele-
mental mapping [51]. To map the sample, a focused electron beam is 
scanned oven the sample and the characteristic radiation is detected. EDX 
was performed for a 30 nm thick IrTaOx film on a carbon covered copper 
grid in the Tecnai TEM microscope, with an electron beam spot size of 
about 1 nm. To avoid carbon migration on the sample when performing the 
point EDX analysis, the sample was cooled to 100 K using liquid nitrogen 
and a cooling sample holder. 

3.2.10 Electron energy loss spectroscopy 
Electron energy loss spectroscopy (EELS) is another technique performed 
with the Tecnai TEM microscope. When performing EELS measurements 
the number of transmitted electrons is measured as function of energy loss 
[51]. Each element has a characteristic energy loss spectrum, which makes it 
possible to perform an elemental mapping similar to EDX. The advantage of 
using EELS instead of EDX is a higher signal to noise ratio. EELS were 
performed in the low loss region for 30 nm thick IrOx, TaOx, and IrTaOx 
films on carbon covered copper grids cooled to 100 K using liquid nitrogen 
and a cooling sample holder to avoid carbon migration on the sample. 

3.3 Electrochemical characterization 
Electrochemical studies were performed in order to determine the solid 
phase chemical diffusion coefficient D of hydrogen in IrOx and IrTaOx, 
prepared onto ITO/glass, and their electronic density of states DOS using a 
three electrode setup depicted in Figure 3.2. The thin film under investiga-
tion was used as working electrode, a 1 cm2 platinum foil as counter elec-
trode, and a Ag/AgCl electrode as reference. The electrodes were submerged 
into an electrolyte of 1 M propionic acid. Cyclic voltammetry and the gal-
vanostatic- and potentiostatic intermittent titration techniques were per-
formed using an Ecochemie Autolab/GPES interface. Electrochemical im-
pedance spectroscopy was performed using a Solartron 1260 frequency re-
sponse analyzer together with a Solartron 1286 electrochemical interface. 
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Figure 3.2. Schematic picture of a three electrode cell, containing a working elec-
trode (W), reference electrode (R), and counter electrode (C). It can be controlled by 
applying a potential (V) or a current (I). 

3.3.1 Cyclic voltammetry 
Cyclic Voltammetry (CV) is a technique to characterize a thin film regarding 
its electrochemical properties. The voltage between reference and working 
electrode is swept between two vertexes, while the current is measured. CV 
was performed between -0.3 and 1 V vs. Ag/AgCl with a scan rate, 2 , be-
tween 0.25 and 50 mV/s to determine the diffusion coefficient, assuming 
diffusion control, using the Randles-Sevcik equation as modified for fractal 
surfaces [56] 

� � � �� � � � � �
� �� � f

fff

�
fmax

�1
t

�
t

21�2
off

P RT21�

�c�FDnFn�����1�
j

��
�

	
2

 (3.6) 

where �  is the gamma function, f�  is a fractal parameter, � a geometrical 
factor close to 1�� , o�  the length corresponding to the outer cut-off of the 
fractal surface, nt the number of transferred electrons per atom, F Faraday’s 
constant, c the concentration of the electrolyte, R the gas constant, T the 
temperature, and max�  a dimensionless function of the fractal parameter 
given in Ref. [56]. 

3.3.2 Galvanostatic intermittent titration technique 

The galvanostatic intermittent titration technique (GITT) is a widely used 
technique to determine the chemical diffusion coefficient of intercalation 
materials. When using GITT, a low current (i0) is applied to the cell for a 
brief period of time (t0). A concentration gradient of the intercalated species 
is created in the film during this period. After the current step the film is 
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allowed to relax during an extended period of time, which allows the interca-
lated ions to diffuse to a homogeneous distribution in the material. The pro-
cedure, schematically depicted in Figure 3.3, is repeated until the potential 
region of interest is fully covered. The potential step corresponding to the IR 
drop is due to the resistance of the electrolyte and sample-electrolyte inter-
face. 

 
Figure 3.3. Schematic description of the galvanostatic intermittent titration tech-
nique, where small pulses of current (i0) are applied to the sample, while the poten-
tial is measured. 

The diffusion coefficient can, for each current step, be calculated by solving 
Fick’s second law (2.28) with the proper initial boundary conditions. The 
solution is given as [57] 
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Here sE3  is the change in steady state potential and tE3  the change in 
potential during the current step, as illustrated in Figure 3.3. The electronic 
DOS can be measured as [58] 
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Here x is the number of electrons inserted per formula unit calculated as 
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3.3.3 Potentiostatic intermittent titration technique 
The potentiostatic intermittent titration technique (PITT) is another tech-
nique commonly used to determine the chemical diffusion coefficient of 
intercalation materials. When using PITT, small potential steps, sE3 , are 
applied to the working electrode, which is allowed to relax for an extended 
period of time after each step as pictured in Figure 3.4. The current is meas-
ured during the procedure, which is repeated until the potential interval of 
interest is fully covered. It has been established [59] that the charge compen-
sating current during a PITT step can be derived from Fick’s second law 
with the appropriate initial and boundary conditions if the sample is under 
diffusion control. The current can be expressed as 
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where Q3  is the intercalated charge corresponding to the potential step, D 
the chemical diffusion coefficient, L the electrode thickness, and t the time. 
The chemical diffusion coefficient can thereby be determined by looking at 
the short time region where 21tI  is time independent, normally called the 
Cottrell region, or by looking at the long time region where the current de-
creases exponentially. DOS can be determined by integrating the current 
response for each potential step, using (3.8) and (3.9). 
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Figure 3.4. Schematic picture of the potentiostatic intermittent titration technique, 
where small potential steps are applied to the sample while the current is measured. 

3.3.4 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is yet another technique to 
investigate electrochemical processes in intercalation materials. The most 
prominent difference compared to CV, GITT, and PITT, which are time 
domain measurements, is that EIS is a frequency domain measurement [60]. 
The impedance of the electrochemical cell is measured as a function of fre-
quency. To obtain information for different intercalation levels, the working 
electrode is biased by a constant potential, onto which is superposed a small 
alternating potential. The results must be fitted to a model representative of 
the system to get truthful information about the material. A commonly used 
model for intercalation materials is the Randles circuit, as described in chap-
ter 2.6. Parameters like diffusion coefficient and DOS can be demined by 
fitting parameters of the equivalent circuit, as described in chapter 2.6.2 and 
2.6.3. 

3.4 Optical characterization 
3.4.1 Optical measurements 
Reflectance and transmittance have been measured in the wavelength inter-
val 300-2500 nm using a Perkin Elmer Lambda 900 spectrophotometer in 
order to investigate the optical properties of the thin films. The equipment 
uses a Spectralon covered integrating sphere, which has five ports, entrance 
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port-sample beam, sample port, specular exit port, entrance port-reference 
beam, and reference port, as depicted in Figure 3.5. During all measurements 
the reference and specular exit ports are covered by Spectralon plates. When 
the transmittance is measured, the sample is placed at the entrance port-
sample beam and a Spectralon plate at the sample port, while the sample is 
placed at the sample port when measuring the reflectance. Due to the geome-
try of the integrating sphere and differences in reflectance of the Spectralon 
plates at the specular exit port and sample port, a compensating factor has to 
be used when determining the reflectance for specular samples. Since the 
samples are specular R and T are calculated as 

00 I
I

T,C
I
I

R T
corr

R 		 . (3.12) 

IR, IT, and I0 are the intensities of the reflected, transmitted, and the incoming 
light respectively. Ccorr is the correction factor, which is determined by com-
paring reflectance measurements using the double beam integrating sphere 
with measurements using an absolute instrument [61]. Ccorr has been deter-
mined to be wavelength dependent but close to unity in most of the 300 to 
2500 nm interval, as shown in Figure 3.6. It can be seen that there is a dis-
continuity at the detector change at 850 nm. Prior to measuring R and T, I0 is 
measured so that the reference beam can be used to determine the incoming 
light intensity during the R and T measurements. 

 
Figure 3.5. Schematic picture of an integrating sphere. The sample is placed at the 
entrance port-sample beam during transmittance measurements and at the sample 
port during reflection measurements. 
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Figure 3.6. Correction factor, defined in the text, used for compensating specular 
reflection measurement errors. 

3.4.2 Determination of optical constants 
Optical constants have been determined, for IrOx and IrTaOx deposited onto 
ITO covered glass (ITO/glass), sapphire, and Corning glass substrates, find-
ing the refractive indices n and k using a Matlab program. The program cal-
culates R and T for different sets of (n, k) pairs in the (n, k) plane, using the 
matrix formalism by Pfrommer, Lomas, Seale, and Kupke [29] with the de-
termined film thicknesses. The measured R and T will then form iso-
reflectance and iso-transmittance curves in the (n, k) plane as depicted in 
Figure 3.7. The intersections of these curves will thereby be solutions of n 
and k to the equation system 

� � � �� � � � 0	� ��� measuredcalculated Tk,nT  (3.13) 

� � � �� � � � 0	� ��� measuredcalculated Rk,nR . (3.14) 

However, due to the functional nature of these equations, there is more than 
one solution [62-63]. To be able to find the right solution, one needs to know 
either the physical character of the material, or be able to show which one of 
the solutions that is Kramer-Kronig (KK) consistent. The KK relation relates 
real and imaginary part of the complex refractive index through [64] 
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and only the true solution will be KK consistent. However, as the relation 
includes a semi infinite integral, the KK relation needs information over the 
whole frequency range, which is impossible to measure. One must therefore 
extrapolate the measured data using models of physical meaning. The Drude 
model, which describes free electron absorption, is often used to extrapolate 
towards low energy whereas the Lorentz model may be used towards high 
energies. 

 
Figure 3.7. Iso-reflectance and iso-transmittance curves for 142 nm ITO on glass at 
700 nm. 

The procedure was first performed for the glass substrate to obtain optical 
constants for the glass. The procedure was then repeated for the ITO, using 
the obtained optical constants for the underlying glass. Finally, the procedure 
was performed for IrOx and IrTaOx on the ITO covered glass. Refractive 
indices were also determined for IrOx and IrTaOx thin films deposited on 
sapphire and Corning glass. 
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4 Results and discussion 

4.1 Physical characteristics 
4.1.1 Composition 
The composition of IrOx and IrTaOx were determined using RBS and in the 
latter case in conjunction with XPS, since RBS lacks the ability to resolve 
heavy elements that are close in mass. Samples of IrOx and TaOx were ana-
lyzed by RBS, to be used as references for the XPS analysis of IrTaOx. The 
compositions were determined to be IrO2.2 and IrTa1.4O5.6, which were con-
sistent with RBS data for IrTaOx [65]. Large amounts of carbon (~30%) 
were found in the films analyzed by RBS, possibly as a result of the films 
being porous and thereby easily contaminated. Carbon was also found in the 
XPS spectra, but it was not quantified. The density was determined, by RBS, 
to be ~3 g/cm3 for IrOx and ~6 g/cm3 for IrTaOx, compared to 11.6 g/cm3 
for crystalline IrO2 and 9.4 g/cm3 for a mixture of 1 part crystalline IrO2 and 
0.7 parts of crystalline Ta2O5. XPS showed that the oxygen content of the 
IrOx and IrTaOx films increased (~10%) during the 50 initial voltammetry 
cycles. The compositions of iridium, tantalum (in the IrTaOx case), and 
oxygen were then constant during bleaching and coloring, as illustrated in 
Figure 4.1 and Figure 4.2 respectively. 

 
Figure 4.1. X-ray photoelectron spectra for the Ir4f (a) and O1s (b) states of IrOx. 
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Figure 4.2. X-ray photoelectron spectra for the Ir4f (a), Ta4f (b), and O1s (c) states of 
IrTaOx. 

The small shift (~0.2 eV) seen between the colored and bleached states are 
thought to be a result of the increased Fermi level, possibly in combination 
with screening effects of  the inserted electrons. A small shift is also ob-
served in Figure 4.3, which shows the X-ray absorption spectrum (XAS) for 
the L3 edge of IrOx in its colored and bleached state. In this case one can see 
a shift between the two states, which is believed only to be a result of the 
Fermi level moving towards higher energies during bleaching. 

 
Figure 4.3. X-ray absorption spectra for the IrL3 edge of IrOx 
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4.1.2 Structure 
The structure of IrOx and IrTaOx were investigated using AFM, XRD, 
TEM, and SEM. It was found IrOx and IrTaOx samples with a thickness 
~100 nm are close to X-ray amorphous and have a surface roughness of ~10 
nm [65-66]. The IrOx consists of ~4 nm spherical grains embedding large 
rod like grains (~20 nm), whereas IrTaOx consists solely of ~4 nm spherical 
grains, as seen in the TEM micrographs depicted in Figure 4.4. It was no-
ticed that the IrOx crystallized when it was irradiated by the electron beam, 
whereas no further crystallization were observed for IrTaOx, indicating that 
the TaOx limits the crystallization of IrOx. 

 
Figure 4.4. Transmission electron micrographs of IrOx (a) and IrTaOx (b). 

 
Figure 4.5. Scanning electron micrographs of the cross sections of IrOx (a) and 
IrTaOx (b) deposited on silicon coated by metallic iridium and covered by a metallic 
layer of gold (IrOx) or an iridium-tantalum mixture (IrTaOx). 

SEM cross section micrographs of IrOx and IrTaOx, in Figure 4.5 (a) and (b) 
respectively, show that the macroscopic structure of IrOx is very porous and 
that the IrTaOx is more compact, which is consistent with the densities de-
termined using RBS. The IrOx and IrTaOx were deposited onto a silicon 
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substrate coated by a thin layer of metallic iridium, and covered by yet a 
metallic layer of gold (IrOx) or iridium-tantalum (IrTaOx) to avoid charging 
problems. 

4.1.3 Segregation 
Point EDX was employed to determine whether the IrTaOx is a homogene-
ous single phase mixture, or if it is a two-phase mixture of IrOx and TaOx 
particles. The analysis indicated that the iridium content is inhomogeneously 
distributed, which means that the IrTaOx may be a mixture of IrO2 and 
Ta2O5 grains, which is consistent with the composition IrTa1.4O5.6. However, 
since the sample had to be cooled, the EDX measurement suffered from poor 
statistics as a result of short measuring time [65]. To strengthen the analysis 
EELS was used for the same purpose. EELS spectra of IrTaOx were com-
pared with reference spectra of IrOx and TaOx as depicted in Figure 4.6. The 
reference spectra were created by the adding 100 point EELS spectra from 
IrOx and TaOx samples respectively. The best fits were achieved without 
background subtraction, but allowing a small correction to be made for 
variations in the detector black current (corresponding to the potential bias of 
the detector). The result of the EELS analysis was consistent with the EDX 
analysis, indicating an inhomogeneous distribution of iridium in the IrTaOx. 
However, large amounts of Ir and Ta were detected for each point EELS 
spectrum, showing that even if the iridium content is inhomogeneous, there 
is not a complete segregation of IrOx grains and TaOx grains, as in a two 
phase mixture, but rather grains containing both IrOx and TaOx. Figure 4.7 
shows the Ta/Ir ratio over a 40*40 nm grid determined by EELS. 

 
Figure 4.6. Typical electron energy loss spectra at different places on an IrTaOx 
sample, together with fits based on two reference spectra of IrOx and TaOx and a 
constant dark current correction, all shown in the figure. 
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Figure 4.7. Ta/Ir ratio for 225 points over a 40*40 nm mesh on an IrTaOx sample. 

4.2 Electrochemical characteristics 
4.2.1 Diffusion coefficient 
The chemical diffusion coefficients (D) of hydrogen in IrOx and IrTaOx 
were determined using cyclic voltammetry (CV) [66], galvanostatic- and 
potentiostatic intermittent titration techniques (GITT and PITT), and electro-
chemical impedance spectroscopy (EIS) [67]. 

Analysis of CV indicated fractal surfaces, with fractal dimension 2.7 and 
2.5, for IrOx and IrTaOx respectively, which were consistent with AFM 
measurements. D was determined, assuming that the reaction rate was diffu-
sion limited, to be in the 10-12 cm2/s region for both samples, but slightly 
higher for the IrTaOx. Figure 4.8 shows CV for six different scan rates used 
to determine D, using (3.6). 
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Figure 4.8. Cyclic voltammograms for IrOx and IrTaOx films for different scan 
rates. 

Trying to use GITT to determine the diffusion coefficient showed that the 
electrochemical cell suffered from spontaneous side reactions ascribed to 
oxidizing and reducing species in the electrolyte. These reactions constantly 
push the potential towards a potential determined by the concentration of 
reducing and oxidizing species, thereby making it impossible to determine 
the steady state potential response to the intercalated ions. For this reason, 
GITT did not prove to be a suitable method to determine D. 

Due to the presence of side reactions PITT was used to determine D, since 
one can identify and to some extent compensate for the side reactions. The 
measurements showed that the Ohmic potential drops and/or insertion reac-
tion kinetics cannot be neglected, which makes D underestimated using 
(3.10) as described by Montella [47]. The apparent, underestimated, D was 
determined to be in the 10-11 cm2/s range for both IrOx and IrTaOx, as de-
picted in Figure 4.9. 
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Figure 4.9. Chemical diffusion coefficient of hydrogen in IrOx (a) and IrTaOx (b), 
determined by the potentiostatic intermittent titration technique. 

EIS was used as a method to determine D in accordance to Bisquert and 
Compte [43] in the presence of both spontaneous side reactions and non-
negligible effects of charge transfer kinetics and Ohmic potential drops. Ex-
perimental data were fitted to a Randles circuit containing a transmission 
line, corresponding to AD Ib, and a side reaction resistance, depicted in 
Figure 4.10. Figure 4.11 shows a typical fit between experimental impedance 
data and model. 



 46 

 
Figure 4.10. The equivalent circuit used for fitting experimental impedance data of 
IrOx and IrTaOx. It contains an Ohmic resistance ROhm, a charge transfer resistance 
Rct, a double layer capacitance Cdl, a transmission line for an anomalous diffusion 
mechanism (AD Ib), and a side reaction resistance Rsr. 

 
Figure 4.11. Complex impedance plot of experimental and fitted data using the 
equivalent circuit in Figure 4.10. The inset shows the high frequency region in de-
tail. Some frequencies are indicated on each curve. 

D was determined to be in the order of 10-11-10-10 cm2/s for both IrOx and 
IrTaOx, as shown in Figure 4.12. 
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Figure 4.12. Chemical diffusion coefficient of hydrogen in IrOx (a) and IrTaOx (b) 
determined by impedance spectroscopy. 

EIS also proved to be capable of determining the 0 parameter, which is 
related to the magnitude of the underestimation of D using PITT. Figure 4.13 
shows the ratio between the diffusion coefficients measured by PITT and 
EIS as function of the 0 parameter for IrOx and IrTaOx, together with a 
theoretical ratio calculated by Montella [47]. 
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Figure 4.13. Ratio between the diffusion coefficients measured by PITT and EIS, 
during intercalation and deintercalation, for IrOx (a) and IrTaOx (b) together with 
the theoretical ratio between the apparent diffusion coefficient determined with 
PITT, without considering the influences of charge transfer kinetics and Ohmic 
drops, and the real one as calculated by Montella [47]. 

A good agreement between theory and experiment can be seen for high po-
tentials. Discrepancies at low potentials are ascribed to the effect of the ques-
tionable side reaction compensation. However, it should be noted that the 
EIS experiment showed that the diffusion is anomalous, following the AD Ib 
model describing percolation or diffusion in a fractal network, whereas the 
PITT analysis only considered ordinary diffusion. 
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4.2.2 Density of states 
The electronic density of states (DOS) was investigated using PITT and EIS 
[67]. Due to the side reactions GITT proved to be an unsuitable method for 
the determination of DOS. 

PITT and EIS were used to determine the DOS, shown in Figure 4.14 for 
IrOx (a) and IrTaOx (b) together with a theoretical DOS of crystalline IrO2. 
It can be seen that there are only small differences between the DOS meas-
ured with PITT and EIS. However, the measured DOS is 30%–50% of the 
theoretical DOS. 

 
Figure 4.14. Electronic DOS for IrOx (a) and IrTaOx (b) determined by potentio-
static intermittent titration technique (PITT) and electrochemical impedance spec-
troscopy (EIS), together with the theoretical DOS by Xu, Jarlborg, and Freeman [16] 
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4.3 Optical characteristics 
4.3.1 Optical absorption 
The absorption coefficient (� ) was calculated using (2.22) and (2.21) for 
IrOx and IrTaOx, deposited onto ITO covered glass substrates, in their col-
ored and bleached state [66], as shown in Figure 4.15. It can be seen that 
IrTaOx has a much lower absorption coefficient than the IrOx in the visible 
wavelength interval, which is likely a result of the dilution of the coloring 
IrOx with TaOx. 

 
Figure 4.15. Absorption coefficient for IrOx and IrTaOx films in their bleached and 
colored state. 

4.3.2 Optical constants 
Optical constants were determined for as-deposited IrOx and IrTaOx depos-
ited on Corning glass and sapphire, and IrOx and IrTaOx deposited on ITO 
covered glass (ITO/glass) in their colored and bleached state from the meas-
ured R and T, using the matrix formalism by Pfrommer, Lomas, Seale, and 
Kupke [29]. Figure 4.16 shows R and T for colored and bleached IrOx (a) 
and IrTaOx (b) on ITO covered glass, and it can be seen that the difference 
in transmission between bleached and colored state is slightly larger for Ir-
TaOx than for IrOx. 
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Figure 4.16. Transmittance and reflectance spectra for IrOx (a) and IrTaOx (b) in 
their bleached and colored states together with those of the uncoated ITO/glass sub-
strate. 

The optical constants (n and k) for IrOx and IrTaOx in their colored and 
bleached state, seen in Figure 4.17, were extracted by comparing possible 
solutions for IrOx and IrTaOx films deposited onto three different substrates, 
ITO covered glass, sapphire, and Corning glass. It can be seen that n is rather 
wavelength and intercalation level independent for both samples, but much 
higher for IrTaOx. The fine structure in n for films deposited on ITO/glass at 
short wavelengths (<1000 nm) is believed to be artificial and a result of the 
uncertainties introduced by having two thin films on a substrate. It can also 
be seen that the difference in k, between colored and bleached state, is larger 
for IrTaOx, especially for visible wavelengths, which is of importance for 
the electrochromic switching. 
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Figure 4.17. Refractive index, n, and extinction coefficient, k, as function of wave-
length, for IrOx (a) and IrTaOx (b) in their bleached and colored states. 

Figure 4.18 shows the relative modulation of k for IrOx and IrTaOx. A maxi-
mum is found at ~660 nm for both IrOx and IrTaOx. This is thought to be 
the result of the elimination of intraband transitions within the Ir t2g band, 
which dominate the absorption below 2 eV [18], when charge compensating 
electrons fill the band during bleaching. 
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Figure 4.18. Relative modulation of the extinction coefficient for IrOx and IrTaOx. 

 





 55

5 Summary and conclusions 

Iridium oxide (IrOx) and iridium-tantalum oxide (IrTaOx) thin films have 
been prepared using DC magnetron sputtering. These materials are anodi-
cally electrochromic and bleaches when reduced by intercalated protons. 
They have been investigated regarding their physical, electrochemical and 
optical characteristics. Rutherford backscattering spectroscopy and scanning 
electron microscopy show that IrOx has a highly porous structure, with den-
sity <30% of the crystalline IrO2, whereas IrTaOx is more compact, with a 
density ~63% of the crystalline equivalent. It was also found that IrTaOx is a 
mixture of grains containing different amounts of iridium and tantalum ox-
ide. 

Electrochemical measurements show that both IrOx and IrTaOx features a 
hydrogen diffusion mechanism described by an anomalous diffusion model, 
possibly indicating percolation or diffusion paths described by a fractal net-
work, which is common for disordered intercalation materials. The chemical 
diffusion coefficient (D) for hydrogen in IrOx and IrTaOx was determined to 
be of the order of 10-10-10-11 cm2/s for both materials. It was also shown that 
the electrochemical system used for the determination of diffusion coeffi-
cients suffered from spontaneous side reactions occurring at the electro-
lyte/electrode interface, and that the insertion reaction kinetics and the ohmic 
drops in the electrolyte, cables, contacts, etc. cannot be neglected. It has been 
shown that the influence of side reactions can be compensated for when us-
ing the potentiostatic intermittent titration technique (PITT), but that the 
insertion reaction kinetics and ohmic drops must be considered when deter-
mining D. Electrochemical impedance spectroscopy (EIS) proved to be able 
to take into account both the effects of side reactions and the effects of the 
insertion reaction kinetics and ohmic drops. The electronic density of states 
(DOS) was measured using both PITT and EIS. It was found that IrOx has a 
featureless DOS as compared to IrTaOx, and that the measured DOS is 30-
50% of the theoretical DOS. 

Refractive indices (n and k) were determined by measuring transmission 
(T) and reflectance (R) and inverting them. It could be seen that the porous 
structure of IrOx also affects the optical behavior, making the refractive in-
dex featureless and close to unity. It was also shown that the mixed IrTaOx 
has a higher refractive index than IrOx, as expected for a denser material, 
and that the extinction coefficient of IrTaOx is modulated more strongly, 
than for IrOx, when changing coloration state. A maximum modulation of k 
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is found at ~660 nm for both IrOx and IrTaOx, which is thought to be the 
result of the removal of intraband transitions within the Ir t2g band when 
charge compensating electrons fill the band upon bleaching. 
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6 Suggestions for future work 

This work is solely devoted to investigate the effect of mixing tantalum ox-
ide to the electrochromic iridium oxide. There has been some previous work 
in the field of mixing iridium oxide with other elements in order to increase 
the electrochromic effect [68-70], but there are many other additives that 
have not yet been investigated for this purpose. 

Since much of the electrochromic effect in iridium oxide based thin films 
has its origin in intraband transitions, empty electron states were probed 
using electrochemical methods. To verify these methods, we propose further 
investigations of these states by using inverse photoelectron spectroscopy of 
bleached and colored samples of iridium oxide based thin films. 

Optical constants were determined for IrOx and IrTaOx, and a possible 
origin of the electrochromic effect was identified. It would be interesting to 
continue with more work on optical constants for electrochromic iridium 
oxide based thin films, possibly using ellipsometry, in order to study the 
optical absorption process. 

An inhomogeneous distribution of IrOx and TaOx was observed by point 
EDX and EELS. Further work is required to verify our observations. 

Electrochemical characterization indicates an anomalous diffusion proc-
ess in IrOx and IrTaOx. It would be interesting to see if there may be more 
than one type of intercalation site, modeled as a trapping capacitance addi-
tional to the normal free charge capacitance, by Bisquert and Vikhrenko 
[71]. 
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7 Sammanfattning på svenska 

7.1 Inledning 
Elektrokromism är ett fenomen som innebär att det elektrokroma materialet 
kan ändra sina optiska egenskaper reversibelt, och upprepade gånger, till 
följd av en elektriskt kontrollerad redox process. Elektrokroma material kan 
delas upp i två grupper, katodiska och anodiska material, som färgas vid 
reduktion respektive oxidation. Några exempel på katodiska material är oxi-
der av W, Ti, och Nb är, medan oxider av Ni, Ir, Cr och Mn är några anodis-
ka material. Tillämpningarna för dessa material begränsas endast av fantasin, 
men det stora intresset ligger i så kallade smarta fönster som genom att kun-
na gå från ett absorberande tillstånd till ett transparent kan reglera värmeflö-
den in och ut ur byggnader samtidigt som de kan öka inomhuskomforten. 
Den mest använda tillämpningen är de automatiskt avbländande backspeg-
larna som kan fås hos de flesta större personbilstillverkare. 

Iridiumoxid är en av de mest kemiskt stabila elektrokroma oxiderna, men 
är väldigt dyr att tillverka. För att öka prestanda/kostnad har man provat att 
blanda iridiumoxiden med andra material. I den här studien har de elektro-
kroma egenskaperna hos en ren iridiumoxid (IrOx) jämförts med en blandad 
iridiumtantaloxid (IrTaOx). 

7.2 Experiment och resultat 
 
Tunnfilmer (~0.1 mikrometer tjocka) av IrOx och IrTaOx har tillverkats 
genom reaktiv likströmsriktad magnetron sputtring av metalliskt iridium och 
tantal i en atmosfär av argon och syre. Sammansättningen har bestämts till 
IrO2.2 samt IrTa1.4O5.6 med hjälp av RBS (Rutherford backscattering spec-
troscopy) tillsammans med XPS (X-ray photoelectron spectroscopy) för 
IrTaOx. Det visade sig också att de tillverkade IrOx filmerna är mycket 
porösa, med densitet <30% av kristallin IrO2, medan de blandade IrTaOx 
filmerna är mer kompakta, med densitet ~63% av den kristallina motsvarig-
heten, vilket även kunde ses med svepelektronmikroskopi. Transmissions 
elektronmikroskopi visade att kornstorleken i de båda materialen är ~4 nm, 
och att kornens komposition varierar i den blandade iridiumtantaloxiden. 



 60 

Elektrokemisk impedansspektroskopi (EIS) visade att diffusionsprocessen 
för väte kan betecknas som anomal i både IrOx och IrTaOx. Med anomal 
diffusion menas att diffusionsprocessen inte följer Ficks lag, som för normal 
diffusion, utan att det är en fraktal process, som kan användas för att beskri-
va perkolation eller fall där diffusionsvägen kan liknas vid ett fraktalt nät-
verk, vilket är vanligt för oordnade material. Den kemiska diffusionskoeffi-
cienten (D) för väte bestämdes vara 10-10-10-11 cm2/s för både IrOx och Ir-
TaOx. Det har också visat sig att den elektrokemiska cell som används vid 
elektrokemiska mätningar lider av spontana redoxprocesser på provytan, 
samt att reaktionskinetiken inte endast begränsas av kemisk diffusion utan 
även av laddningstransport genom elektrolyten samt av laddningsöverfö-
ringskinetik. Det har dock visats att man kan detektera och kompensera för 
de sidoreaktioner som stör experimenten när man bestämmer diffusionskoef-
ficienten med potentiostatisk intermittent titrerings teknik (PITT), men att D 
underskattas om man inte beaktar reaktionskinetiken. Med EIS däremot kan 
man både ta hänsyn till sidoreaktioner samt laddningstransport och ladd-
ningsöverföringskinetik. Även den elektroniska tillståndstätheten, DOS 
(density of states), har mätts med PITT och EIS, där den experimentella 
DOS är 30-50% av den teoretiska samt att den för IrOx saknar mycket av 
den struktur som ses hos IrTaOx och den teoretiska DOS. 

Komplexa brytningsindex (n och k) har bestämts för IrOx och IrTaOx i 
deras färgade och blekta tillstånd genom beräkna transmittans och reflektans 
för en uppsättning n och k för att jämföra dem med uppmätta transmittans- 
och reflektansvärden. Det har visat sig att brytningsindex (n) för IrOx är nära 
1.3 och utan struktur, vilket stämmer överens med vad man förväntar sig av 
ett väldigt poröst material, medan det för IrTaOx är högre (~2), vilket är 
konsistent med ett tätare material. Det har också visat sig att utsläckningsko-
efficienten (k) varierar mer för IrTaOx än för IrOx när man går mellan färgat 
och blekt tillstånd, samt att man har en maximal förändring av k vid ~660 
nm för både IrOx och IrTaOx. Det har tolkats som ett resultat av att de intra-
bandövergångar som dominerar den optiska absorptionen för energier under 
2 eV försvinner till följd av att införda elektroner fyller Ir t2g bandet då mate-
rialen bleks. 
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