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1 Introduction 

I believe most of us agree that we need to reduce our energy consumption. 
Very few, though, are willing to sacrifice the comfort we are accustomed to. 
One example is windows, which contribute a lot to the energy loss in build-
ings, but we do not want to live and work in houses without them. We want 
daylight inside, and to see the view on the outside. And at the same time we 
want heat to stay outside in the summer and inside in the winter. The simple 
solution to this dilemma is more energy efficient windows [1]. For example, 
energy could be saved by adding glass panes to existing windows or apply-
ing different coatings. If the window also has the ability to change its proper-
ties depending on different conditions, it is called a smart window. A smart 
window changes its optical properties if a small voltage is applied to the 
window. In the end this means that the user determines the transparency of 
the window, and can control the amount of light and heat that enters through 
it. A smart window can be based on different technologies, for example liq-
uid crystals [2,3], suspended particles [4,5] and electrochromic thin films [6-
8].  
 
An electrochromic smart window consists of a stack of several thin layers 
and works almost as a battery where the charge and discharge appear as a 
color change of the material. Each layer has different functions, i.e. to con-
tain ions, transport ions and to change color. The big advantage of electro-
chromic smart windows, compared to others, is that it only requires electrici-
ty during the color change and not to preserve the color. Devices based on 
liquid crystals and suspended particles need a constantly applied potential in 
order to maintain the window in its clear state. This raises the question to 
what extent energy is saved. The advantage of both these technologies is that 
the optical change is almost instantaneous. Electrochromic smart windows, 
on the other hand, have a response time up to several minutes depending on 
window size. The commercialization of electrochromic smart windows has 
been slow, mostly due to problems regarding stability and high costs [9]. But 
some examples exist and can be found in windows in buildings, air planes or 
cars [10-16], but also in automatic-dimming rear-view mirrors [17,18] and as 
electrochromic displays [19,20]. A lot of research focuses on making the 
electrochromic smart window more durable, effective and cheap. The vision 
is color-neutral windows with as high optical contrast as possible, achieved 
with small voltages and small costs, but having high durability and high 
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quality. It is a challenge. The present fundamental research is on new com-
posite electrochromic thin film materials. The knowledge gained will hope-
fully contribute to the effort of making energy efficient smart window tech-
nology a part of everyday life.  

1.1 The electrochromic smart window 
There are a number of different chromogenic materials that change their 
optical properties if they are stimulated in some kind of way, for example by 
temperature (thermochromic), light (photochromic) or electrical current 
(electrochromic). The advantage of electrochromism over the other chromo-
genic behaviors is the ability to control the optical switching independent of 
the outside conditions, to continuously vary the coloration degree, and hold 
it without supplying additional power. 

 
Electrochromic materials can be either soluble or solid and the three most 
popular groups of materials are inorganic metal oxide thin films, organic 
conducting polymers and molecular dyes. Metal oxide thin films are normal-
ly used in electrochromic smart windows and the most common scenario is 
that they are active in the absorbing mode but there are also metal hydride 
materials that switch from transparent to reflective mode [21].  
 
As mentioned, the electrochromic smart window is built up of a number of 
thin layers. It typically consists of two electrochromic metal oxide thin films 
with opposite coloring behavior. Cathodic materials color if charges are in-
serted, for example WO3, and anodic materials color if charges are extracted, 
for example NiO. These electrochromic layers can be separated by a liquid, 
gel or solid electrolyte containing ions small enough to be inserted into the 
electrochromic layer. Finally, transparent conductive layers are put on each 
side to be able to apply a voltage to the device. This conductive layer should 
have high electrical conductivity and high transparency, and most often 
In2O3:Sn (ITO) is used. The smart window device is illustrated in Figure 1. 
In this figure the device is fit in between polyester foils, but it is more com-
mon to use ordinary glass. The advantage of polyester though is the low cost 
and that it is easier to handle and to shape. 
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Figure 1: Schematic picture of an electrochromic smart window device. 

When an electrical potential is applied over the window the ions in the elec-
trolyte are shuttled in one direction, or another. These are accompanied by 
charge compensating electrons travelling in the outer circuit meeting up the 
ions in the electrochromic layer. This results in the transparency of the smart 
window changing. In order to maintain the optical state it is important that 
the electrolyte has low electrical conductivity, allowing the electrons only to 
travel through the outer circuit. For a reverse optical change one simply re-
verses the polarity and the ions are shuttled back in the opposite direction. 
Figure 2 shows an example of the transmittance of an electrochromic smart 
window in the dark state and in the bleached state.  

 
Figure 2: The transmittance for an electrochromic smart window, both in its 
bleached and in its colored state [14,15].  
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Electrochromism is not limited to visible color changes, but can show optical 
modulation in the near infrared [22], thermal infrared [23] and microwave 
regions [24]. Figure 3 shows the solar spectrum in the optical region, and for 
which wavelengths colors appear. This spectrum could be compared with the 
spectrum in Figure 2 and one could then see that the window in its colored 
state actually blocks light both in the visible and in the near infrared spec-
trum.  

 
Figure 3: The solar spectrum. Wavelengths between about 400 and 800 nm are visi-
ble to the eye.  

1.2 The present work  
The present work concerns electrochromic metal oxide thin films comprising 
different mixtures of Ni and W oxide. The objective was to manufacture and 
examine NixW1–x oxides covering the whole Ni-W composition range. WO3 
and NiO are two of the most well-known electrochromic materials. Howev-
er, research on mixed metal oxides has resulted in many new materials with 
improved properties, such as better durability and enhanced coloration be-
havior [25,26]. Very few studies have been done on Ni-W oxides, but earlier 
results indicate that some of these composites could be promising new elec-
trochromic materials [27-32]. You can read more about these earlier findings 
in chapter 4.3.   
 
Apart from questions concerning improved electrochromic properties, there 
are fundamental issues regarding changes in structure and other properties at 
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the border between cathodic and anodic behavior. NiO is anodic (colors up-
on ion extraction) and WO3 is cathodic (colors upon ion insertion). The pre-
sent study was divided into three main parts. The first part (paper I) was a 
feasibility study investigating NiO and WO3 separately, in order to get to 
know the two materials and to find a common electrochemical procedure. In 
part two, NixW1-x oxides with x < 0.50 were manufactured and the physical 
properties (papers II and III) as well as optical constants (paper III) and the 
electrochromic properties (paper IV) were investigated. The third part was a 
study of the structural, electrochemical and optical properties of NixW1-x 
oxides with x > 0.50 (paper V). In addition, a study was done on how to im-
prove the electrochromic performance of Ni oxide by introducing water va-
por during the sputter deposition process (paper VI).  Moreover, optical con-
stants of the samples in the feasibility study, and for different Ni-W oxides, 
can be found in work written by Dr. Iryna Valyukh et al. [33-35]. 
 
The investigations were conducted in collaboration with the company Chro-
mogenics [14] which is a spin-off company from the Solid State Physics 
Division at Ångström Laboratory, Uppsala University. The company devel-
ops and manufactures electrochromic plastic foils and is situated in Uppsala, 
Sweden. The fundamental research was also included in the European pro-
ject Clear-up (Clean and resource efficient buildings for real life) which is an 
integrated project funded by The European Community's Seventh Frame-
work Programme [36]. In this project about 20 European Universities and 
companies are working together to find solutions to reduce energy consump-
tion in buildings, with sustained comfort for the individual. One of the major 
milestones is a renovation of student housing in the south of Spain. This 
student housing will be equipped with all the technology from the Clear-up 
project. The project ends in October 2012. The study on including water in 
the sputter process was in collaboration with the group of Professor Yuzo 
Shigesato at the Aoyama Gakuin University outside Tokyo, Japan. 
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2 Electronic band structure 

How light interacts with a material depends on how the electronic band 
structure looks for that particular material. The electrochromic properties of 
a material are hence strongly dependent on the band structure. This chapter 
gives an introduction to energy band structure, and discusses how it is influ-
enced by disorder and by intercalation of electrons.  

 
Electrons are orbiting atoms at certain discrete energy levels and the number 
and position of these electrons are what define a specific element. In a solid, 
the atoms are brought together and the electronic wavefunctions of the outer 
electrons overlap. The wave function describes the behavior of a travelling 
particle and is a central ingredient in the theory of quantum mechanics. The 
overlap results in a formation of a continuum of possible electronic energy 
states, i.e. energy bands, instead of discrete energy levels. The energy band 
structure describes the possible electron energies, and this is what determines 
the material’s electrical and optical properties. The appearance of the band 
structure can be obtained by quantum mechanical calculations by looking at 
how the energy depends on the direction of motion, i.e. the wave vector. 
Another common way to describe the electronic band structure is by the 
density of states (DOS), which is actually the only way to characterize disor-
dered systems [37]. The DOS quantifies the number of available states at 
each energy level, i.e. a high value for the DOS means a high number of 
available energy states.  

 
An energy band can be empty, partly filled or filled with electrons. A partly 
filled band means that the material is a metal since the electrons can easily 
move between allowed states within the band, and hence contribute to the 
electrical current. The energy of the highest filled energy state corresponds 
to the Fermi energy at 0 K. If the temperature is not zero, but kept at thermal 
equilibrium, a probability that an energy level will be occupied is calculated 
by the Fermi-Dirac distribution [38]. The level at which the occupation 
probability is equal to ½ is denoted the chemical potential or the Fermi level. 
A filled energy band means that all states are occupied and the electrons 
cannot move between states, i.e. the material is an insulator. The highest 
energy band with occupied states corresponds to the valence band, and the 
lowest unoccupied energy band is the conduction band. Non-allowed ener-
gies between these two is denoted the band gap. Figure 4 is an illustration of 
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the energy band structure for an insulator. A semiconductor is something in 
between an insulator and a metal, in that the electrons can overcome the 
band gap with the help of certain stimuli. The size of the band gap deter-
mines whether the material is an insulator or a semiconductor. The proper-
ties of the semiconductor are, for example, strongly dependent on the tem-
perature. At 0 K no electrons are found in the conduction band, but the extra 
energy from a temperature rise allows electrons from the valence band to 
move to the conduction band. Moreover, the band gap can be direct or indi-
rect. Direct band gap means that the wave vector for the top of the valence 
band and bottom of the conduction band is the same. For indirect band gaps 
this is not the case. The band gap in Figure 4 is an indirect band gap.  

 
 
Figure 4: Energy band structure with an indirect band gap (left), and the number of 
available states at each energy level (right). The size of the band gap determines 
whether the material is an insulator or a semiconductor. 

2.1 The influence of disorder and doping 
The structural disorder plays an important role for the electrochromic prop-
erty. Electrochromic devices often contain disordered metal oxides, such as 
amorphous W oxide and polycrystalline Ni oxide.  

 
The atoms in a material can be arranged in different ways. In an ordered crys-
talline structure the atoms form regularly repeating patterns separated by a 
certain distance, i.e. a lattice. The consequence of this perfect periodic system 
is extended states forming the nicely shaped conduction and valence bands 
illustrated in Figure 4 [37]. This arrangement is unique for every type of ma-
terial and the crystal structure determines many properties of the material. 
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For disordered materials the band structure is much more complicated, de-
pending on the degree of disorder. Amorphous materials have no long range 
order and polycrystalline materials are composed of many different crystal-
line grains of varying size and orientation. The properties of a polycrystal-
line material could hence still be very close to that of the single crystal. The 
causes of disorder can be many. Atoms can, for example, be replaced by 
other kinds of atoms, they can be displaced from their positions, or vacancies 
can disturb the common order and form states with other coordination num-
bers. The disorder results in localized states appearing in the band structure 
[37,39]. In Figure 5 the localized states are illustrated as band tails stretching 
into the band gap.  

 
Figure 5: A description of the band structure and density of states in a weakly disor-
dered structure. The density of states is the number of available states per energy 
interval. For disordered structures localized states can form band tails into the band 
gap. The mobility edge is the energy that separates the localized states from the 
extended states. 

The shape and extension of the band tails depend on the degree and type of 
disorder. The energy that separates the localized states from the extended 
states is called the mobility edge [37]. If the Fermi level is situated below or 
above the mobility edge it is a metal or an insulator, respectively. For weakly 
disordered materials there are extended states near the band center and local-
ized states near the band edges. If the disorder is strong, band tails from both 
the valence and the conduction band will cover the whole band gap [37]. In 
an extreme case the strong disorder could even result in localized states tak-
ing over and an insulator could appear, even though energy bands are partly-
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filled. Therefore, the simple fact that systems with partly-filled energy bands 
are always metals actually depends on the degree of disorder. 

Figure 6 illustrates that doping can lead to the introduction of new localized 
energy states within the band gap. The dopants are classified as acceptors or 
donors. A donor atom donates weakly bound valence electrons which creates 
states near the conduction band. These electrons are easily excited to the 
conduction band, which facilitates the electron mobility. An acceptor atom, 
on the other hand, creates available states near the valence band. This also 
results in the mobility of the electrons increasing. The valence electrons need 
less energy to move to the acceptor level than to the conduction band. The 
Fermi level will adjust toward the conduction band upon donor doping and 
towards the valence band upon acceptor doping. This means that an insulator 
could transform to a metal with increasing doping, also known as the Mott 
transition [38]. Semiconductors doped with donors or acceptors are called n-
type and p-type, respectively.  

 

   
Figure 6: To the left an n-type semiconductor, i.e. a donor atom donates weakly 
bound valence electrons and creates states close to the conduction band. To the right, 
a p-type semiconductor, i.e. an acceptor atom creates available states near the va-
lence band. 

As a summary, the band structure of a disordered electrochromic material is 
a mix of extended and localized states. States from unavoidable contamina-
tions, such as hydrogen or water, or deliberate doping, can also be present. 
The result is that it is often difficult to get a full picture of the band structure 
and electron transitions for electrochromic materials.  
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2.2 The influence of charge intercalation 
It is generally agreed that electrochromism is obtained when both ions and 
electrons are inserted into, or extracted from, the electrochromic layer [40]. 
Figure 7  shows that due to an applied external electric field the ions move 
through an electrolyte and into the material. The electrolyte is not electron 
conducting. This forces the charge-balancing electrons to take an outer cir-
cuit and then move through the material to recombine with the ions. Since 
electrons are smaller and lighter than the ions, they move faster through the 
material and the electrochemical reaction probably takes place close to the 
surface. The ion and the electron meet at the surface and diffuse into the 
material [41,42]. 

 
Figure 7: Intercalation of ions and charge balancing electrons in the electrochromic 
thin film.  

Upon intercalation, the ions are localized to sites as far away as possible 
from the positive transition metal ions. Available sites depend on the struc-
ture of the material [42]. The donated electrons however occupy empty en-
ergy sites in the host material. Even though charge is inserted or extracted, 
the energy bands are considered to be unchanged, i.e. the Rigid band model 
is adopted [42]. Electrons fill up states, one after the other, as more electrons 
are intercalated. This results in the Fermi level moving up to higher, or down 
to lower, energy levels if the electrons are inserted or extracted, respectively. 
Ion intercalation is hence similar to doping and could result in an insulator- 
conductor transition at a certain concentration of electrons. The position of 
the Fermi level determines possible electron transitions and the variation of 
electron density therefore results in modulation of electrical conductivity as 
well as of optical properties.  
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3 Interaction between light and matter  

Light can be transmitted, reflected or absorbed by a material. What will hap-
pen depends on the wavelength, and on how the wavelength of the light in-
teracts with the material. This chapter gives an introduction to the optics at 
interfaces and in thin films. In addition, the absorption mechanism in elec-
trochromic materials will be described. 
 
In optical measurements, most often the outgoing intensities, i.e. transmit-
tance and reflectance, are measured and the absorptance is then easily calcu-
lated by  

.   (1) 

Transmittance (T), reflectance (R) and absorptance (A) describe the fraction 
of light being transmitted, reflected or absorbed, respectively. Equation (1) 
shows that these always add up. T and R include both diffuse and specular 
fractions. One should have in mind that, depending on detection, measured 
values can contain specular and/or diffuse intensities.  

Wavelengths between 380 and 770 nm can be detected by the eye and differ-
ent wavelengths are perceived as different colors, presented in Figure 8. This 
work mainly focuses on light in the visible spectrum, but also measurements 
extended out to the near infrared were performed.  

 
Figure 8: The wavelength of the colors [43].  

  

1T R A+ + =
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3.1 Optics at interfaces 
At the interface between two materials the only options for the light is to be 
transmitted or reflected, as described by Figure 9. ϕ 1 and ϕ2 are the inci-
dence and refractive angles, respectively. n1 and n2 are the refractive indices 
of the two materials. 

 
Figure 9: At an interface light is transmitted (T) or reflected (R).  

The reflection and transmission coefficients are described by the Fresnel 
equations [44].  
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rp and tp are the amplitudes of reflected and transmitted p-polarized light, i.e. 
the light oscillating parallel to the plane of incidence. The corresponding for 
s-polarized light, i.e. light oscillating perpendicular to the plane of incidence, 
are rs and ts. The relation between angles and refractive indices is found by 
Snell´s law [44]. 

1 1 2 2sin sinn nφ φ=    (3) 

The reflectance (R) and transmittance (T) intensities are proportional to the 
squared amplitudes, and at normal incidence the intensities can be found by 
this simple equation. 

2

1 2

1 2

1
n n

R T
n n

−= = −
+

   (4) 

 

n1
n2

ø1

ø2

R

T



 27

3.2 Thin film optics 
After crossing over the interface and into the material the light beam is 
damped as it is passing through the material. The fraction of transmitted and 
absorbed light is hence dependent on the material thickness, and the extent 
of reduction is described by the absorption coefficient α, defined as 

24 k

nc

ωεπα
λ

= =
.
   (5) 

Where k is the extinction coefficient, λ is the wavelength, ω is the angular 
frequency, ε2 is the imaginary dielectric constant, n is the refractive index 
and c is the speed of light. The refractive index is used when investigating 
what happens at the border between two media, which is described by Fres-
nel’s equations and Snell’s law. The dielectric function on the other hand is 
used when describing the electromagnetic properties of a material, as in 
Maxwell's equations [44]. The relation between the dielectric function and 
refractive index is 

( ) ( )22
1 2N n ik iε ε ε ω= + = + =

, 
 (6) 

where i is the imaginary unit.  
 
The absorption coefficient of a material with thickness d can be determined 
by measuring the intensities R and T and using the approximate expression 
(7), deduced from the Beer-Lambert law [45]. 

1 1
ln

R

d T
α − =  

 
   (7) 

However, if the thickness is in the order of the light wavelength, interference 
effects have to be considered. Interference is a superposition of two or more 
waves resulting in a new optical pattern depending on whether the ampli-
tudes of the waves are in or out of phase. For example, two waves reflected 
at two different layer surfaces or two transmitted waves where one has been 
delayed due to multiple reflections, illustrated in Figure 10.  
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Figure 10:  Propagation of light intensity in a thin film of thickness d. The total 
transmittance and reflectance values include intensities from multiple reflections.  

Nevertheless, it was found that the interference in R and T compensate for 
each other under certain conditions [46]. Equation (7) is still a good approx-
imation when the refractive index of the substrate is in the range 1.5 to 1.7, 
and that of the coating 1.3 to 2.5. In this work studies were made of three 
layer samples composed of a thick glass plate covered with a transparent 
conductor (ITO) of about 40 nm, and on top there was an electrochromic 
thin film which was about 200-300 nm thick. Ellipsometric measurements on 
the present samples show that the refractive index of the W oxide was slight-
ly below 2, and for Ni oxide about 1.75, for wavelengths between 450 and 
1600 nm [33]. For ITO it is about 2 in the visible [47,48].  

 
For multiple layers, as in the present study, it is often easier to talk about 
optical density, OD, instead of absorption coefficients for each layer. OD is 
the absorption coefficients times thickness, αd, and this is a property that 
could be measured for a whole sample. If the OD for the whole sample 
(ODtotal) and for the substrate of ITO covered glass (ODITO+glass) is found, a 
known film thickness makes it possible to calculate the absorption coeffi-
cient of the thin film by  

total ITO glass
film

film

OD OD

d
α +−

=  .  (8) 

The change in OD per unit of inserted charge Q is called the coloration effi-
ciency CE, and is found by  
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ΔQ is a mean value of the inserted and extracted charge density needed to 
achieve the change in optical density, ΔOD. Q is in units of charge per inter-
calated sample area. CE is a measure of how well an electrochromic material 
is performing. One wants as high CE as possible because this means that a 
large optical modulation can be achieved by using a small amount of charge, 
which is desirable for smart window applications. 

Equation (10) describes the final expression for the CE, deduced form equa-
tion (7) and (9). 

( )
( )
1
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1

colored bleached

bleached colored

R T

R T
CE
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 − ⋅
  − ⋅ =

Δ
  (10) 

R/Tbleached and R/Tcolored denote the reflectance/transmittance in bleached and 
colored states, respectively. If the changes in reflectance between the 
bleached and colored states can be neglected, the CE can be found by 

ln bleached

colored

T

T
CE

Q

 
 
 =
Δ

.   (11) 

3.3 The absorption mechanism in electrochromic 
materials 
As mentioned above, the outcome from the interaction between light and 
matter depends on the wavelength of the light and on the material’s proper-
ties. The wavelength of light corresponds to the energy E of  

hc
E ω

λ
= =  ,   (12) 

where h and ħ are the Planck’s and Dirac’s constant, respectively. c, λ and ω 
are the speed, wavelength and frequency of the light, respectively.  
 
A photon is absorbed if the photon energy is higher than the size of the band 
gap. If the energy is high enough, this results in an electron making a direct 
transition from the valence to the conduction band, i.e. an interband transi-
tion. For these transitions the energy of ultraviolet light is often required. 
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However, transitions between electron states within the same band, but with 
different wave vectors are possible, if the photon is assisted by phonons [38]. 
These transitions are called intraband transitions. The difference between 
intraband and interband transitions is illustrated in Figure 11.  

  
Figure 11: Illustration of the difference between interband and intraband electron 
transitions.  

Phonons are characterized by low energies and a large wave vector, as com-
pared to photons. The large wave vector also makes indirect interband transi-
tions possible. Phonons are a result of vibrations in the lattice, caused by 
displacement of the atoms [38]. These vibrations correspond to very low 
frequencies, i.e. low energies, and can be either transverse or longitudinal. 
Optical phonons are the type of phonons with the highest energy. This ener-
gy corresponds to IR light, i.e. low compared to UV and visible light. In 
ordered materials, intraband and interband transitions give rise to the optical 
absorption. In metals, absorption is caused by intraband transitions. If the 
Fermi level is instead situated in a band gap, only interband transitions (di-
rect or indirect) are possible. The size of the band gap determines which 
wavelengths are absorbed. 
 
In disordered materials transitions between localized states in the band gap 
can also be the cause of absorption, and the mechanism can be described by 
different theoretical models. Electrochromic materials are most often disor-
dered and the absorption in these materials is still not fully understood. 
However, the basic model to describe the optical absorption is the interva-
lence charge transfer absorption model [40,49]. It describes that the valence 
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electron absorbs light and jumps from one localized site to a neighbouring 
site, thanks to a phonon-mediated excitation. This electron hopping carries 
along a distortion of the lattice, which makes it also possible to explain the 
process in the language of polarons [37]. A polaron is the result of an elec-
tron-phonon interaction as the moving electron interacts with the lattice vi-
brations. As described in chapter 2, the position of the Fermi level deter-
mines the optical appearance of the material. If the Fermi level is situated at 
the localized states, the material is absorbing, since intervalence transitions 
between localized states are possible. A transparent appearance means that 
the Fermi level is found in the band gap. As described in chapter 2.2, charge 
intercalation modulates the position of the Fermi level and this transforms 
the material between transparent and more absorbing. If the Fermi level 
reaches the mobility edge, the material can even transform from absorbing to 
reflective.  
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4 Theory of electrochromism 

The electrochromic phenomenon was first discovered in W oxide, in the late 
1960 s [50]. Since then electrochromic properties of a number of other mate-
rials have been found. Metal oxides based on Ti, Nb, Mo and Ta are cathodic 
and have the same coloring behavior as W oxide, i.e. they color if charges 
are inserted. Cr, Mn, Fe, Co, Rh and Ir oxides on the other hand are anodic, 
i.e. they color if charges are extracted, which is the behavior of Ni oxide. In 
this chapter electrochromism in W oxide, Ni oxide and Ni-W oxides is pre-
sented. As you will see, the properties of the electrochromic materials do not 
just depend on the type of metal atom, but also on crystal structure, stoichi-
ometry and material phases. 

4.1 Electrochromism in W oxide 

Stoichiometric W oxide, WO3, has most often a monoclinic structure at room 
temperature. It is an insulator and transparent to visible light in its thin film 
form. The Fermi level is positioned in the band gap between the valence 
band, which is dominated by the O 2p states, and the conduction band, 
which is dominated by the W 5d states [51]. The band gap for the W oxides 
in the present study was 3.15 eV [33]. The WO3 consists of an O2- surround-
ed by two W6+, this is illustrated in equation (13). Each W6+ binds to six O2-. 

6 2 6W O W+ − +− −    (13) 

Sub-stoichiometric W oxide, down to WO2, is colored. Slightly sub-
stoichiometric WO3 is bluish and W oxides close to WO2 is brownish [52]. 
Sub-stoichiometric W oxide is conducting, i.e. the Fermi level is situated in 
the conduction band. The most common reason for sub-stoichiometry is 
oxygen vacancies [53]. The simple picture is that a single charged oxygen 
vacancy state forms an ionic bond with one W6+ ion with the result that the 
extra electron enters an empty site at the neighboring tungsten ion, forming 
W5+ [53]. This is illustrated in equation (14),  
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5 6
OW V W+ + +− − ,   (14) 

where the notation (+) refers to a positive charge as compared to the normal 
state of oxygen. Double charged oxygen vacancies VO

2+ can also occur and 
this could result in the presence of W4+ or two W5+ ions. Both oxygen vacan-
cies and ion intercalation give rise to W5+ states. There is however a funda-
mental difference between creating W5+ states by ion intercalation and oxy-
gen vacancies. Ion intercalation adopts the Rigid band model where the in-
tercalation does not affect the microscopic structure. Oxygen vacancies, on 
the other hand, create localized energy states in the band gap [54]. The rela-
tion between the ion/charge intercalation and the optical state of the electro-
chromic W oxide, is often described by the following simple reaction, 

6 2 5 2
3 3xW O xM xe M W O

bleached colored

+ − + − + + −+ + ↔
.  (15) 

Since the Rigid band model is adopted, it is assumed that the ion M+, for 
example H, Li, Na or K, remains ionized in the metal oxide and that the in-
tercalated electrons occupy the lower part of the conduction band [51]. Lo-
calized states in disordered W oxide have been found far up in the conduc-
tion band [55]. The intercalation and de-intercalation move the Fermi level 
further up to higher energies in the conduction band or to lower energies in 
the band tails, respectively. This is shifting the W oxide between a more or 
less absorbing state, respectively. This is illustrated in Figure 12. 

  
Figure 12: Illustration of the band structure of W oxide and the variation of the Fer-
mi level as charge is intercalated (colored) and de-intercalated (bleached). Light and 
dark grey represent the extended and localized states, respectively.  
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Amorphous W oxide absorbs in the visible spectrum and polycrystalline W 
oxide exhibits electrochromic properties, but in the near-infrared [56]. Good 
electrochromic properties are achieved with sub-stoichiometric, transparent 
as-deposited W oxide thin films [56-58]. It was just stated that sub-
stoichiometric W-oxide is colored. The reason why the sub-stoichiometric 
electrochromic W oxides are transparent and not colored is actually not 
known, but discussions involve the possibility of co-existence of different W 
oxidations states, W4+, W5+ and W6+ [59-61]. The existence of W4+ for com-
positions close to stoichiometry is still under discussion though, and Stolze 
et al. describes the disagreement in reference [61]. Moreover, the excess 
oxygen in over-stoichiometric W oxide has been shown to be associated with 
irreversibly intercalated ions, i.e. no electrochromic coloration [62]. 

The complete picture of what causes the absorption in the colored state of 
disordered W oxide is not totally clear [63], but the most common explana-
tion is intervalence charge transfer between two W sites [40,49], thanks to a 
phonon mediated excitation,  

5 6 6 5hv
a b a bW W W W+ + + ++ ⎯⎯→ + .  (16) 

If the model is extended to also include W4+ states, in order to explain exper-
imental discoveries [51,59,64,65], charge transfer has been proposed be-
tween all these three oxidation states. It is, however, also common to de-
scribe the absorption in W oxide using different polaron models [66]. This is 
because it has been found that the distance between tungsten and oxygen 
atoms increases upon electron intercalation [67]. The polaron can be classi-
fied as small or large depending on the degree of distortion and this classifi-
cation can be done in a number of ways. The different polaron models are 
well summarized in the thesis of L. Berggren [68].  

4.2 Electrochromism in Ni oxide 
Stoichiometric Ni oxide has a cubic rock salt structure, i.e. each ion is sur-
rounded by six ions of the other kind. In one direction this would look like a 
chain of alternet Ni and O ions, as in 

2 2 2 2 2 2Ni O Ni O Ni O+ − + − + −− − − − − .  (17) 

Stoichiometric Ni oxide is insulating and transparent in its thin film form. 
The Fermi level is positioned in the band gap which is found between Ni3d 
levels with different spin directions. This means that the upper part of the 
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valence band consists of occupied Ni 3d states and the lower part of the con-
duction band consists of unoccupied Ni 3d states [53]. Moreover, the lower 
part of the valence band consists of a mixture of Ni 3d and O 2p states. The 
band gap of the Ni oxides in this work was about 3.96 eV [33]. 
 
In nonstoichiometric Ni oxide, Ni vacancies are the dominant defects 
[53,69]. A Ni vacancy is compensated by the creation of holes on two neigh-
boring Ni2+ ions, thus producing Ni3+ ions. This is illustrated in equation (18)  

3 2 2 2 3
NiNi O V O Ni+ − − − +− − − − ,  (18) 

where the notation (2-) refers to a double negative charge as compared to the 
Ni2+. The consequence of the creation of holes is that the Fermi level moves 
down in the valence band. The position of the Fermi level somewhere in the 
energy band, instead of the gap, makes the Ni oxide conducting and colored. 

The electrochromic effect in Ni oxide involves several phases where both the 
excess of oxygen and the hydrogen content in the material have a great im-
pact. The non-hydrous phase Ni2O3 is colored. This phase is quite uncom-
mon though and the more common phases when talking about electrochrom-
ism are the hydrous phases Ni(OH)2 and NiOOH. Ni(OH)2 exhibits features 
similar to those of  stoichiometric NiO and is transparent, and NiOOH  ex-
hibits features similar to those of Ni2O3 and is colored. In addition, Ni(OH)2 
actually exists in modifications α and β, and NiOOH can exist in β and γ 
phases. The only difference between hydroxide phases α and β is the quanti-
ty of water needed for stabilization, α and β occurring at low and high con-
tent of water, respectively [70]. The Bode reaction [71],  

( )

( )

2

2

Ni OH NiOOH H e

Ni OH NiOOH H e

β β

α γ

+ −

+ −

− ↔ − + +

− ↔ − + +
   , (19) 

shows the reaction scheme for all these different phases. In the Bode reaction 
all the hydrous phases are included. This reaction can be extended in order to 
also include NiO and Ni2O3. This is described in equation (20) which was 
deduced by Avendaño et al. [72].  
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(20) 

As shown in equation (19) and (20) a transformation between NiOOH and 
Ni(OH)2 can be conducted by inserting or extracting protons, H+. H+ is the 
most common ion to use to achieve electrochromic coloration in Ni oxides. 
It has even been shown that if the intercalation is performed in a hydroxide 
solution, the H+s are still the active ions [73]. It was suggested by French et 
al. that inserting OH- actually results in H+ extraction forming water at the 
surface [74,75],  

( ) 22
Ni OH OH NiOOH H O e

bleached colored

− −+ ↔ + +
. (21) 

The majority of studies on electrochromic Ni oxide have been done using 
aqueous electrolytes, mainly potassium hydroxide (KOH). Poor stability in 
KOH has however been reported and it was suggested that the degradation 
was due to a spontaneous conversion between different Ni oxide phases, 
together with a self-discharge phenomenon [76,77]. The impending risk of 
degradation in aqueous solutions, make it interesting to also look at Ni oxide 
in non-aqueous electrolytes. In this work non-aqueous lithium perchlorate in 
propylene carbonate (Li-PC) was used. This choice of electrolyte was made 
in order to have compatibility with both W and Ni oxides. Very few studies 
have been made on electrochromic Ni oxide in Li-PC electrolyte. Only 
works by Passerini et al. has been found on pure Ni oxide in Li-PC, and all 
these studies showed that the optical changes were very small, i.e. about 
15 % in total transmittance [78-81]. The Ni oxide was even classified as 
optically passive. During a literature survey two proposed mechanisms were 
found, explaining how Ni oxide responds to Li+. The first one, proposed by 
Tarascon et al. in the battery field [82,83] suggests a reversible formation of 
metal nanoparticles inside a matrix of Li2O. This is described by reaction 22.  

22 2NiO Li e Ni Li O+ −+ + ↔ +   (22) 

This mechanism is based on Ni oxide having a rock salt structure containing 
no empty sites for the Li+ to intercalate into. However, Li2O formation hap-
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pens at potentials below 2 V vs. Li [84] and should not be seen in the present 
study. 

The second proposal is suggested by Passerini et al. [81]. They put forward 
the idea that reversible Li+ exchange is possible due to a two-step procedure. 
The primary inserted ions cause volume changes and strain in the material, 
and an irreversible modification of the Ni oxide host structure take place. 
This new structure then allows reversible insertion-extraction of Li ions. 
This means that in the first step the initial intercalated Li ions “activate” the 
host structure, creating LiyNiOx. 

x y xNiO yLi ye Li NiO+ −+ + →
  (23)

 

In the second step a reversible electrochromic switching can be seen between 
two different phases of the Li-Ni oxide.  

( )y x xy zLi NiO Li NiO zLi ze

bleached colored

+ −
−↔ + +

  (24) 

Accordingly, the Li-Ni oxide was the electrochemically active material and 
not the Ni oxide. It was suggested that the Li-Ni oxide formation was proba-
bly possible owing to the electrochromic Ni oxide being disordered and not 
completely ordered in the rock salt structure, i.e. containing vacancies, emp-
ty sites for the Li+. The work by French et al., previously sited in the discus-
sion about KOH, concluded that no Li was intercalated in the Ni oxide when 
investigated in LiOH. A possible scenario would be that the Li was actually 
not intercalated into Ni oxide, but a surface film was formed in which re-
versible insertion/extraction is happening. This was namely suggested by 
Bressers et al. to be the case for ITO investigated in Li-PC [85]. Anyhow, as 
mentioned above, the optical change for Ni oxide in Li-PC was modest. It 
has, however, been shown that the optical modulation in Li electrolytes was 
considerably enhanced if Li was incorporated already at the manufacturing 
stage [86-91]. A difference in transmittance between the bleached and dark 
state of almost 70% at 550 nm wavelength is presented [89]. 

 
Equations (22) to (24) do not consider the expected hydrogen content in the 
film. However, Campet et al. [86] did just that and extended the version of 
the two step proposal made by Passerini et al. They suggested that, upon the 
Li+ insertion process, H in the NiOOH migrates from the surface to the bulk, 
which is illustrated in equation (25).  
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( )2 1 2

2 1 2 2 2
surface bulk

x x surface bulk

xNiOOH x NiO xLi xe

colored

Li Ni O xNi OH

bleached bleached

+ −

−

+ − + +

→ +
 (25) 

The bleached LiNiO on the surface is then optically modulated by Li+ de-
intercalation, and the absorption strength is decided by the concentration of 
Ni3+. This is described by equation (26).  

2 2 2 3 2
2 1 2 1x x x y x y yLi Ni O Li Ni Ni O yLi ye

bleached colored

+ + − + + + − + −
− − − −↔ + +

 

(26) 

Nevertheless, independent of which ion is used, the Fermi level moves down 
to lower energies, and up to higher energies upon electron extraction and 
insertion, respectively. The absorption is then assumed to be mainly due to 
transitions between localized states, these being intervalence charge transfers 
between Ni2+ and Ni3+ [53], as in   

2 3 3 2hv
a b a bNi Ni Ni Ni+ + + ++ ⎯⎯→ + .  (27) 

The closer the Fermi level is to the band gap the fewer transitions are possi-
ble and the more transparent is the material, as illustrated by Figure 13.   
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Figure 13: Illustrations of the band structure of nickel oxide and the variation of the 
Fermi level as charge is intercalated (bleached) and de-intercalated (colored). Light 
and dark grey represent the extended and localized states, respectively.  

4.3 Electrochromism in mixed Ni-W oxides 
Stoichiometric crystalline NiWO4 is built up of hexagonal close-packed ox-
ygen with octahedral sites filled by Ni2+ and W6+ in an ordered way. In 
nanocrystalline NiWO4, it has been found that both W and Ni ions are still 
coordinated by six oxygen atoms but that they are strongly bound with only 
four of them [29,92]. By IR and Raman spectroscopy measurements it was 
suggested that the local Ni-O and W-O chemical bonds depended strongly 
on the size of the NiWO4 grains. For large grains, polycrystalline materials, 
the Ni-O bonds became stronger at the expense of the W-O bonds. And for 
small grains, amorphous materials, the W-O bonds were stronger instead. 
Only weak interactions between W and Ni were found. Recent band struc-
ture calculations of NiWO4 show that the valence band is formed by hybrid-
ized O 2p and Ni 3d (spin up) states [93]. Empty W 5d states mixed with 
empty Ni 3d (spin down) form the conduction band. The band gap was 
found to be 3.7 eV. 

 
For non-stoichiometric Ni-W oxides, phase diagrams of  annealed Ni-W-O 
show that the crystalline phases are made up of NiO+NiWO4, and 
NiWO4+WO3 in the composition range below and above 50 % WO3, respec-
tively [94,95]. Papers II and III indicate that this could also be the case for 
un-heated amorphous samples, at least for compositions above 50 % WO3. 
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On the Ni-rich side the polycrystalline electrochromic Ni oxide turns amor-
phous upon W addition [28,96], as is also shown in paper V. It is suggested 
that the W addition weakens the long range order in the Ni-O matrix, and 
that the reason would the high oxidation state of W (6+) inducing a large 
perturbation to the lattice [96]. Further, since the ionic radius of W6+ (0.62Å) 
is reasonably close to that of Ni2+ (0.69Å) it is likely that W6+ could substi-
tute for Ni2+. This would hence result in two Ni2+ vacancies per one W6+ 
being generated for charge compensation [97]. If we presume the same idea 
for Ni containing W oxides, Ni2+ substituting for W6+ will result in two dou-
ble charged oxygen vacancies. This is of course a very simplified picture of 
the system, and similar to Ni oxide and W oxide, the mixed electrochromic 
Ni-W oxides also consist of incorporated water and hydroxides. This is in 
addition to vacancies, and of course Ni and W ions of different oxidation 
states, i.e. Ni2+, Ni3+, W6+, W5+ and W4+.  

 
A literature survey shows that research on electrochromic Ni-W oxides is 
limited. Monk et al. identified Ni-W-O compositions as good candidates 
when it comes to an optical shift parameter, describing how much a specific 
doping material shifts the optical bands [32]. Using aqueous electrolytes 
Penin et al. found improved durability in KOH for Ni oxide films if they 
were doped with 10 at % W [28]. Kuzmin et al. observed better long term 
stability for Ni-W oxide than for pure WO3, in H2SO4 [29]. Shen et al. also 
used H2SO4 and found that if WO3 was doped with a small amount of Ni, 
one could achieve samples not only with good stability, but also with faster 
response times and lower power consumption [27]. 
 
Lee et al. studied W doped NiO in a non-aqueous Li electrolyte [30,96,97]. 
Unlike Passerini et al., who observed hardly any optical change for Ni oxide 
in Li-PC [78-81], Lee et al. presents results with very good optical modula-
tion. The difference between dark and bleached states was about 50 % in 
total transmittance at 550 nm wavelength. Upon W addition they found an 
increase in the Li diffusion coefficient and a decrease in charge transfer re-
sistance. It was suggested that the mobility of ions and electrons was en-
hanced due to the added W opening up the Ni oxide structure, and open 
structures are desirable for the electrochromic performance [96]. Later, Lee, 
together with Gillaspie et al., fabricated Li1.2NiW0.1 oxide, which was exam-
ined in non-aqueous Li-PC [31,98]. They found a good optical contrast be-
tween dark and bleached states, and that the W doped film was significantly 
more transparent than Li-Ni oxide. 
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Table 1: Overview of previous results on the electrochromic (EC) properties of 
mixed Ni-W oxides. Note that patents are not included. 

Samples  Deposition Electrolyte Improved EC prop. 
comp. to host material Reference 

Ni-doped WO3 

 
Co-
electrodeposited 

H2SO4 Faster response times, 
lower power consump-
tion and good stability.

Shen et al. 
1991 [27] 

 
NiWO4 

 
Reactive DC 
magnetron sput-
tering

H2SO4 Better long term stability 
than pure WO3. 

Kuzmin et al. 
2001 [29] 

 
W-doped NiO 
10-30 %at. film W 

Pulsed laser 
deposition 

KOH Improved durability. Penin et al. 
2006 [28] 

 
NixW1-x oxide  
1 > x > 0.65 

Reactive RF-
magnetron sput-
tering 

Li-PC-
DME 

Good optical contrast, 
increased charge capaci-
ty, faster Li- inser-
tion/removal process.

Lee et 
al.1995, 
1998, 2001 
[30,96,97] 

 
Li1.2NiW0.1Ox RF magnetron 

sputtering 
Li-PC Good optical contrast, 

more transparent in 
bleached state, improved 
coloration efficiency. 

Gillaspie et 
al. 2010 
[31,98] 

The overall absorption mechanism in materials with high Ni content has 
been found to be due to electron transitions between Ni3+ and Ni2+, while the 
W ions play a minor role [96]. This should, however, be strongly dependent 
on the composition. An advantage of mixed electrochromic materials is that 
the variety of sites between which charge transfer can take place is larger. A 
possible mechanism might be electron transitions from Ni2+ to W6+ states, 
creating Ni3+ and W5+states which are both associated with absorption. The 
result is that it is possible to obtain materials with a more spectrally even 
absorption. Another advantage of mixed oxides is the possibility to widen 
the optical band gap in order to provide higher bleached-state transmittance 
[99,100].  
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5 Sample deposition 

It is possible to manufacture metal oxide thin films using many different 
techniques. The technique chosen for this work is reactive DC magnetron 
sputtering. Sputtering is a physical deposition technique. It has good repro-
ducibility, good substrate adherence and the possibility of depositing many 
different types of materials with a variety of different compositions, layers, 
structures and stoichiometry. The general idea of sputtering is that a target of 
a certain raw material is bombarded by accelerated ions. These ions knock 
out target atoms, which are transported towards a substrate where a thin film 
of target atoms is formed.  

5.1 The sputtering system 
Prior to sputtering the chamber was always evacuated and heated in order to 
minimize unwanted pollutants. The sputtering chamber was then filled with 
an inert working gas, in this case argon. A high voltage was applied, cathode 
and anode being the target and the rest of the chamber, respectively. Both DC 
and RF current can be used. If DC current is used, the target needs to be con-
ducting. Insulating targets simply get charged upon DC and this is avoided by 
instead using RF current. An advantage of using DC is that it is faster and 
does not heat the substrate. In this work DC current was used, apart from the 
deposition made in Paper VI. The applied voltage caused electrons to ionize 
the argon atoms, i.e. plasma was created and sustained close to the target 
(cathode). Moreover, magnetrons at the target were used, which create a 
magnetic field which traps the electrons and enhances the rate of collisions 
with the argon atoms. The Ar ions were accelerated towards the target, caus-
ing target atoms and secondary electrons to be knocked out. The target atoms 
are neutral and unaffected by the magnetic field and can hence be deposited 
on the substrate as a thin film. The electrons, on the other hand, were trapped 
and contributed to further ionization of Ar atoms. As free electrons find their 
way back to empty electron states in the Ar+, a photon is released and this is 
the reason why the plasma appears to be glowing. It is also possible to in-
clude other gases to produce non-metallic films, i.e. reactive sputtering. In 
these cases the reactive gas, in the present work oxygen, is let into the cham-
ber to form a thin metal oxide film on the substrate. In paper VI, water vapor 
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together with oxygen was inserted into the sputtering chamber. The reactive 
DC magnetron sputtering process is illustrated in Figure 14.   
 

 
 

Figure 14: Schematic picture of the sputtering process. 1) Argon and oxygen are let 
into the chamber, 2) an electric field is applied and 3) the argon is ionized and the 
target is bombarded by accelerated ions. 4) Target atoms are knocked out and trans-
ported towards a substrate where 5) a thin film of target atoms and oxygen is 
formed. 

 
Figure 15: The Balzer UTT 400 deposition unit, used for sputtering the metal oxide 
thin films, at the Ångström Laboratory, papers I to V.  
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The majority of samples were deposited in a sputtering system based on the 
Balzer UTT 400 deposition unit. Figure 15 shows a picture of the Balzer 
sputter. The target to substrate distance was 13 cm and the sputtering took 
place from 5 cm diameter W and/or Ni metal targets with purities of 99.99%. 
Ni is magnetic, which requires an extra strong magnetron and thin targets in 
order to create plasma. In paper VI a deposition unit was used which was 
sputtering with RF current. This unit had the possibility of adding water 
vapor into the chamber. The water pressure was measured by a partial pres-
sure monitor.  

 
The substrates were unheated 5 x 5 cm2 glass plates pre-coated with 40 nm 
thick transparent and electron conductive commercial In2O3:Sn (ITO) with a 
resistance of 15 to 60 Ω/square [101]. The ITO is necessary for the electro-
chemical measurements when a potential is applied between a reference 
electrode and the ITO. The substrates were used for both electrochemical 
and optical characterization. The advantage of using ITO with the higher 
resistivity is that absorption is low in the near-infrared region, as seen in 
Figure 16, and this facilitates optical analyses of the thin film. Some samples 
were also deposited onto carbon or silicon substrates for further physical 
characterization. For the ellipsometric measurements also UV transparent 
borosilicate glass were used as a substrate. Since the deposition took place at 
room temperature it would also have been possible to use plastic substrates, 
which for some commercial applications would be preferable [14]. The sub-
strate was rotated during deposition to get as homogeneous a film as possi-
ble. Part of the substrate was also masked with a piece of Teflon tape in or-
der to be able to measure the thickness. The uncoated ITO substrate part was 
also required as a contact in order to perform electrochemical measurements.  
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Figure 16: Transmittance and reflectance of commercial ITO with two different 
resistivities. 

5.2 Deposition parameters 
The type of target and reactive gas of course determines what kind of mate-
rial is deposited. As previously mentioned the targets in this work were me-
tallic Ni and W, and to make the metal oxide thin films, oxygen (papers I to 
V) or water vapor (paper VI) was let into the deposition chamber during 
sputtering. However, the outcome of sputter deposition also depends on a 
number of parameters: gas flow ratio, type of substrate, temperature, pres-
sure and target power.  
 
The gas flow ratios determine the stoichiometry of the thin film. In the feasi-
bility study, paper I, the gas flow ratio, O2/Ar, was chosen to achieve maxi-
mum transparency of the as-deposited films since it has been shown to result 
in good electrochromic properties [57,58,102-104]. Figure 17 shows how the 
transmittance depends on the O2/Ar flow.  
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Figure 17: The transmittance at a wavelength of 550 nm of the as-deposited a) nickel 
oxide and b) tungsten oxide thin films, as a function of the gas flow ratio O2/Ar.  

For the mixed Ni-W oxides the O2/Ar was set to 15 % for all samples. As 
can be seen in Figure 17, an O2/Ar of 15 % resulted in colored as-deposited 
Ni oxide. This was actually required in order to see an optical modulation in 
Li-PC, which was the electrolyte chosen to be used in the studies of the 
mixed oxides. For the samples in paper VI, water was introduced until a 
certain partial pressure was attained, and then argon and oxygen were let into 
the chamber with O2/Ar equal to 25 %. It should also be noted that, to some 
extent, hydrogen and water are always present in the sputtering process. In 
addition, air humidity may also influence the character of the thin film, after 
being brought out from the sputtering chamber [105]. The base pressure 
before introducing any gas was normally around ~10-6 Torr and the samples 
were transferred into the sputtering chamber via a load lock, in order not to 
disturb the vacuum in the chamber, but pollutants can still be present.  
 
The type of substrate could also have an influence on the thin film growth. It 
was, for example, noted that a thin layer, different from the rest of the sam-
ple, was formed at the substrate, which was extra pronounced for Ni oxides 
deposited on Si [33]. This was observed by RBS and ellipsometric meas-
urements. A growth dependence is more crucial for crystalline materials, and 
since the electrochromic materials are disordered this should not affect the 
functionality. 
 
The current samples were deposited at room temperature. However, the high 
applied voltage creates some rise in temperature, especially when using RF 
current. The Thornton diagram in Figure 18 shows how the temperature and 
chamber pressure during deposition influence the coating morphology [106]. 
Room temperature is analogous with a reduced temperature equal to 0.  
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Figure 18: The Thornton diagram, a description of the relation between argon pres-
sure, temperature and structure for thin films prepared by sputtering [106]. Tm refers 
to the melting point of the material. Room temperature is analogous with a reduced 
temperature equal to 0. 

Via mass-flow controlled regulators the gas flow could be set to remain at a 
certain pressure. Low working pressure results in low probability for reac-
tions between the target atoms and the reactive gas. This results in quite 
dense films and high deposition rates. High working pressure, on the other 
hand, means a high probability of reactions. This results in low deposition 
rates, leading to more porous structures. Porous structures facilitate ion con-
duction, necessary for the electrochromic effect [107]. In the present work 
the pressure was set to ~30 mTorr, which at room temperature would result 
in inter-columnar porous structure, represented by Zone 1 in the Thornton 
diagram [106]. The other zones are less porous and closer to near bulk densi-
ty. Between Zone 1 and 2 a transition zone (zone T) is recognized by its 
fibrous, poorly defined character. Zone 2 is generally described by dense 
columnar shaped crystallites, and Zone 3 is characterized by recrystallization 
and grain growth.  
 
The power to the targets was set between 200 W and 250 W. The power 
determines the flux of ions hitting the target and therefore influences the 
sputter rate. It has, however, been shown that the power probably has little 
influence on the electrochromic properties, at least when depositing W oxide 
[56]. When depositing mixed Ni-W oxides the various compositions were 
obtained by sputtering at different powers for the Ni (PNi) and W (PW ) tar-
gets, and setting PNi + PW always equal to 230 W.  
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6 Physical characterization 

In order to interpret results for electrochromic properties of the materials it is 
important to also have an insight in to the physical appearance. A number of 
different techniques were used in order to get a physical characterization of 
the thin films.  

6.1 Film thickness by profilometry  
The thickness of the thin metal oxide films were measured by contact sur-
face profilometry (Alphastep and Dektak). The surface profilometer 
measures the thickness by moving a diamond tip over the step between un-
coated and coated sample areas. The samples were always measured at sev-
eral positions along the step and the values were averaged. The thicknesses 
were 150 to 300 nm, depending on the sample.  

6.2 Crystal structure by X-ray diffraction 
The wavelength of X-rays is suitable for probing the structural arrangement 
of atoms since it is comparable to the size of atoms, i.e. a few Ångströms. X-
ray diffraction (XRD) was used to examine the crystal structure of the mate-
rials. In XRD the diffracted waves are measured and intensity peaks are 
found when waves interfere.   

 
In a crystalline structure the atoms form regularly repeating atomic planes 
separated by a certain distance, d, which varies with the material. If d is 
shorter than the X-ray wavelength λ the X-rays are diffracted by the uniform 
atomic planes and an interference pattern is seen, as described by Bragg’s 
law, 

2 sinm dλ θ= ,   (28) 

where m is an integer and θ is the diffraction angle, i.e. the angle between the 
incident X-ray beam and the atomic plane. The detection angle was scanned 
and hence an intensity peak for each constructive interference was found. 
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The peak distribution is directly related to the atomic distances and gives 
information about the structure, phase composition and orientation of planes. 
The information was found by comparing the spectra with the database of 
the JCPDS-International centre for diffraction data [108]. 

 
Non-crystalline materials with no long range order, amorphous materials, do 
not show any diffraction peaks and cannot be examined by XRD. Polycrys-
talline materials are composed of many different crystalline grains of vary-
ing size and orientation. The size of the grains determines whether they will 
be detected. Crystalline samples show very distinct narrow peaks whereas 
the peaks from polycrystalline samples are broader. The width of the peak 
depends on the size of the grains, and the grain size D can be calculated by 
Scherrer’s formula [110],  

( ) ( )coss xD k λ β θ= ⋅ ⋅ ,    (29) 

where ks is the shape factor, λx is the X-ray wavelength, β is the full width at 
half maximum of the X-ray diffraction peak, and θ is the diffraction angle. 
Figure 19 shows an example of an XRD spectrum for polycrystalline NiO. A 
Siemens D5000 diffractometer was used for the XRD measurements. It op-
erated with CuKα radiation at a wavelength of 1.54 Å. During measurements 
the incoming beam was fixed at an angle of 1º and the detector angle was 
scanned. 

 
Figure 19: XRD spectrum for polycrystalline NiO. The planes are assigned to the 
cubic phase of nickel [109]. 
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6.3 Composition and density by Rutherford 
backscattering spectroscopy 
Rutherford backscattering spectroscopy (RBS) is a technique based on elas-
tic atomic collisions where a known incoming ion hits an unknown target 
atom, is reflected and detected. The total kinetic energy of the colliding 
ions/atoms after collision is equal to its total kinetic energy before the colli-
sion. The conserved momentum makes it possible to determine the mass of 
the unknown atom. The incoming ion loses energy as it has to travel through 
the sample and this energy spectrum thus also gives a sample depth profil-
ing. The incoming ions are usually 2 MeV 4He ions and only target atoms 
heavier than this are detectable. 

 
RBS is thus suitable for depth profiling and analysis of medium to heavy 
elements on light substrates. An example of an RBS spectrum of a Ni-W 
oxide thin film deposited onto a C substrate is shown in Figure 20. The ener-
gy values for the channels were calibrated by measuring a number of known 
elements. After proper calibration the position of the peak reveals what kind 
of atom was detected, the relative height tells us about the atomic concentra-
tion and the width of the peak corresponds to the thickness of the sample. 
Therefore the substrate should be as simple and light as possible, for exam-
ple silicon, carbon or beryllium, in order not to interfere with the analysis of 
the thin film. In addition, the thickness of the sample should be limited, not 
to overshadow other elemental peaks. 

 
Figure 20: RBS spectrum of a Ni-W oxide thin film deposited onto a C substrate. 
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The RBS data were fitted to a model of the film-substrate system using the 
program SIMNRA [111]. But first the channels on the x-axis were converted 
to energy values by measuring some calibration elements. A linear fit gives 
values for the calibration offset and energy per channel, which makes it pos-
sible to analyse the data for the sample under investigation. Apart from ele-
mental type and composition the thickness in atoms/cm2 can be found and 
this makes it possible to calculate the density by  

s

atoms A

M N

n N d
ρ ⋅=

⋅ ⋅
   (30) 

Where M is the molar mass, Ns is the thickness in atoms/cm2, natoms is the 
number of atoms in the molecule, NA is the Avogadro constant, and d is the 
thickness in centimetres.  

 
Making a model fit was not always straightforward and I would like to men-
tion some difficulties with the RBS analysis. One difficulty, especially for 
the Ni oxide samples, was that a layer, different from the rest of the sample, 
was found close to the substrate. In particular this was seen for Ni oxide 
deposited onto Si. The solution was to add an extra layer in the fitting, which 
also included some Si together with the metal and oxygen. However, this 
was not always easy since this layer were more like a continuous change in 
the structure, rather than a distinct layer. The same observation was made by 
ellipsometric measurements of the same samples, and the layer was found to 
be isotropic whereas the rest of the sample optically anisotropic [33]. Anoth-
er difficulty was that there was often some unidentified background which, if 
not considered, could result in incorrect values for the relative composition. 
The solution to this problem was to take the background into account and 
therefore be able to get rid of its contribution. Yet another challenge was that 
carbon was often found inside the films. This became a problem when calcu-
lating the density of the sample since the thickness is given in atoms/cm2 and 
includes all atoms in the sample. A way to correct for this was to subtract the 
amount of C atoms from the film thickness and then calculate the density 
using equation (30). Moreover, with RBS measurements it is not possible to 
distinguish between oxygen associated with the metal oxide and oxygen 
associated with hydroxyl groups and/or incorporated water molecules pre-
sent in the film. This means that stoichiometry found by RBS could be 
slightly over-stoichiometric. 

The measurements were carried out at the Uppsala Tandem Laboratory, us-
ing 2 MeV 4He ions backscattered at an angle of about 170 degrees. Compo-
sition and density were determined for 200-300 nm thick films deposited 
onto C and Si substrates.  
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6.4 Composition by elastic recoil detection analysis 
In Elastic recoil detection analysis (ERDA) the sample is bombarded with 
heavy ions. All target atoms lighter than the incoming ion are recoiled and 
detected by the energy detectors. In this way the atomic concentration and a 
detailed depth profile is found for samples containing light to medium heavy 
elements. The time of flight and energy were plotted and analysed using the 
CONTES program [112]. An example of an ERDA spectrum is shown in 
Figure 21. 

 
Figure 21: ERDA spectrum of nickel oxide deposited onto a silicon substrate.  

Unfortunately ERDA was not a good technique for examining the samples 
included in this project. Tungsten was not allowed in the measuring chamber 
due to the combination of the large weight of W and sensitive detectors. We 
did some measurements on Ni oxide, but the results came out very strange as 
Figure 21 illustrates. This figure shows that the Ni oxide thin film contains 
more Ni than O. This is not correct since our films should be overstoicho-
metric and have proven to be so by both RBS and XPS.  For these reasons 
ERDA will not be used in further investigations. 

 
In this measurement the incoming ion was iodine with energy 40 MeV. The 
incident angle was 22.5º and the recoiled atoms were detected at an angle of 
45 º. The ERDA measurements were performed at the Uppsala Tandem La-
boratory. 
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6.5 Composition and binding energies by X-ray 
photoelectron spectroscopy 
In X-ray photoelectron spectroscopy (XPS), also known as Electron spec-
troscopy for chemical analysis (ESCA), the sample is irradiated by X-rays 
with certain energy (ħω) [113]. The X-ray photons are absorbed and elec-
trons in the atoms are emitted with a kinetic energy Ek, i.e. the photoelectric 
effect. The kinetic energies are measured and the bonding energy Eb can be 
calculated by

b kE Eω= − .   (31) 

Since all atoms are characterized by a set of electronic bonding energies it is 
possible to get information about elemental composition and the different 
phases of the material. Unlike RBS it is hence possible to determine wheth-
er, for example, oxygen is associated with the metal oxide, hydroxyl groups 
or water. The data are collected with a specific energy resolution, pass ener-
gy, which is set according to what information is of interest. Low pass ener-
gy (typically 10-30eV) gives high spectral detail, whereas high pass energy 
gives high elemental sensitivity. The optimal choice of parameters is to use 
as high pass energy as possible while still resolving the spectral features of 
interest. The XPS measurement gives an intensity vs. binding energy spec-
trum where each electronic orbital corresponds to a peak. Figure 22 shows 
an example of an XPS spectrum of a Ni-W oxide thin film. The assigned 
peaks are the ones that were analysed in this work.  

 
Figure 22: XPS spectrum of a Ni-W oxide thin film. 
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The XPS technique only probes the surface of the sample. An advantage of 
this is that the samples do not need to be deposited onto a special kind of 
substrate. If a depth profile is desirable it is also possible to do sputtering 
alternating with the measurements. One cannot be sure that each element in 
the sample is sputtered uniformly, and therefore the information about com-
position could be misleading. The composition analyses in the present study 
were only made on the surface of the samples, and then compared to RBS 
results which probe the bulk sample.  
 
The equipment used was a PHI Quantum 2000 Scanning ESCA Microprobe 
operating with monochromatic Al Kα radiation. Pass energy of 46.95 eV 
was used with a step size of 0.2 eV/s. The binding energy calibration was 
done by placing the binding energy of C 1s at 284.5 eV. The spectra were 
then analysed by the program Multipak [114] and the surface composition 
was obtained from integration over the W 4f, Ni 2p, O 1s and C 1s peaks. 

6.6 Molecular bonds by Raman spectroscopy 
Raman spectroscopy is a light scattering spectroscopy. The sample is irradi-
ated by monochromatic light, the radiation is inelastically scattered, collect-
ed and recorded as a function of scattering angle and frequency. Raman scat-
tering is generally weak since only a very small fraction of photons scattered 
in this way. Most of the incident photons are elastically scattered, i.e. keep-
ing the same energy as the incident photons. 
 
The cause of the inelastic scattering could, quantum mechanically, be de-
scribed by virtual excitations [37]. The uncertainty principle says that energy 
conservation laws can be violated for a certain maximum time tmax. The re-
sult could be the creation of virtual energy states, existing only for a time 
tmax. A photon with energy ħω can excite an electron to this virtual state. 
After tmax the virtual state collapses and should emit a photon identical to the 
one which excited the electron. However, the emitted photon could also be 
accompanied by a phonon if there has been a change in the polarizability of 
the molecule, i.e. a momentary distortion of the electrons. This phonon as-
sisted emission is the phenomenon called Raman scattering. The energy 
conservation for the emitted photon is  

emitted photon absorbed photon phononω ω ω= ±  
.
  (32) 

The minus and plus sign give the Stokes and anti-Stokes emission, respec-
tively. These describe whether the emitted photon has higher or lower ener-
gy than the absorbed photon. The energy difference gives information about 
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the phonon modes and molecular bonds in the material. Both symmetric and 
anti-symmetric modes can be detected. Figure 23 shows a Raman spectrum 
for a Ni-W oxide where the spectrum is dominated by two peaks. The peak 
at about 790 cm-1 is the stretching O-W-O mode of amorphous W oxide 
[64,115,116]. The peak at about 970 cm-1 could, however, be attributed to 
the terminal W=O modes of W oxide [64,115,116], as well as the stretching 
W-O mode of nanosized NiWO4 [97,117]. The latter was the conclusion 
drawn in paper II. Ni oxide having a rock salt structure shows very weak 
Raman activity. For the present samples, the weak Raman scattering of Ni 
oxide, at about 500 cm-1 was not seen. Neither were the second order Raman 
bands, due to two phonon excitation, at about 1100 cm-1 [118]. This was also 
the case for the thin films containing high amounts of Ni oxide.  

 
Figure 23: Raman spectrum of a Ni-W oxide deposited onto a Si substrate (paper II).  
The spectrum was dominated by the O-W-O bond stretching of amorphous tungsten 
oxide and the stretching W-O mode of nanosized NiWO4.  

However, a very pronounced peak for the Ni-O stretching mode, at about 
500 cm-1 was actually seen for the Ni oxides sputtered using water vapor as 
reactive gas, paper VI. Figure 24 shows a Raman spectrum for one of the Ni 
oxides. These films were really dark as-deposited, i.e. the transmittance at a 
wavelength of 550 nm was about 10 %. This dramatic increase in the intensi-
ty for dark Ni oxide was reported earlier and the cause was attributed to the 
Ni vacancies [119].  
 



 56 

Figure 24 also shows the second order Raman band at ~1100 cm-1 and a 
small peak at ~1600 cm-1 which is due to two-magnon Raman scattering 
[119]. A magnon is a collective excitation of the spin system and can be 
observed in magnetic semiconductors, as for example NiO [37,38].  

 
Figure 24: Raman spectrum of a NiO thin film sputtered with water vapor in the 
reactive gas (paper VI). The peaks at ~1100 and ~1600 cm-1 were attributed to se-
cond order and two-magnon Raman scattering, respectively.  

The Raman measurements in paper II were conducted by Dr. Alexei Kuzmin 
at University of Latvia. He used a confocal microscope with a “Nanofinder-
S” (SOLAR TII, Ltd.) spectrometer. The excitation source was a He–Cd 
laser using a wavelength of 441 nm. The light was dispersed by a diffraction 
grating and the measurements were performed through an optical objective. 
The elastic laser light was eliminated by en edge filter and the data were then 
collected by a CCD camera. The example in Figure 24 was measured by me, 
using a Renishaw inVia Raman microscope operating at a wavelength of 532 
nm.  
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6.7 Molecular bonds by Fourier transform infrared 
spectroscopy 
In Fourier transform infrared spectroscopy (FTIR), the molecular bonds are 
studied. The difference compared to Raman spectroscopy is that FTIR 
measures the absorption of infrared light in a wide wavelength range, instead 
of scattered monochromatic light. If the light has the same frequency as the 
vibrational modes in the molecule the light is absorbed. Nevertheless, in 
order for the radiation to interact with the molecule the vibrations need to 
cause a change in the dipole moment [120]. This means that only anti-
symmetrical vibrational modes can be studied, so symmetrical molecules 
like O2 and H2 cannot be examined by FTIR, only by Raman spectroscopy. 
 
The FTIR spectrophotometer simultaneously collects data in a wide spectral 
range. In paper VI, for example, the range was 400 to 5000 cm-1. In order to 
sort out the collected data a mathematical algorithm, based on Fourier trans-
formations, is used. In the end, a spectrum will appear which shows the light 
intensity absorbed at each wavelength. This technique severely reduces the 
measurement time, as compared to techniques using monochromators. 
 
FTIR measurements were conducted on NiOxHy samples presented in paper 
VI. Figure 25 shows an example of spectra for a sample in its as-deposited, 
bleached and colored states after being colored and bleached 100 times. The 
inset shows how the peak at ~3650 cm-1 for the bleached state grew with the 
increasing number of bleaching cycles, 20, 50 and 100 cycles. This peak is 
attributed to the bleached Ni(OH)2 [121,122]. Colored NiOOH is character-
ized by a broad band having a center at about 3450 cm-1, which is attributed 
to adsorbed water [123]. The pronounced peak at ~3650 cm-1 is absent, 
which can be seen in Figure 25.  
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Figure 25: FTIR spectra for a Ni oxide sputtered in the presence of water vapor, and 
electrochemically cycled in KOH. The inset shows how the peak at ~3650 cm-1 for 
the bleached state grows with the increasing number of bleaching cycles, 20, 50 and 
100 cycles. An ITO covered glass plate served as the reflectance standard.  

The results presented in paper VI were obtained using a vacuum-pumped 
spectrometer (Bruker IFS 66v/s) equipped with a modified reflectance cell 
(Specac). The measurement was done under a pressure of ~0.4 Pa to elimi-
nate water vapor and carbon dioxide and the reflected IR light was measured 
with a liquid-nitrogen-cooled narrow-band HgCdTe detector. An ITO cov-
ered glass plate served as the reflectance standard. The standard was chosen 
due to the thin films being deposited on ITO, in order to be able to transform 
the thin films between bleached and dark states. The results shown in Figure 
25 were measured by an IR Prestige IR Spectrophotometer from Shimadzu. 
Water vapor and carbon dioxide were eliminated by a nitrogen gas flow, of 
about 10 Nl/min (normal litre per minute), through the measurement cham-
ber.  
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7 Electrochemical characterization 

The electrochromic effect is induced by simultaneously introducing ions and 
electrons to the thin film. This was illustrated in Figure 7. This intercalation 
and deintercalation process was done by cyclic voltammetry (CV) in order to 
examine the electrochemical properties of the electrochromic thin film. Im-
pedance spectroscopy measurements were also conducted so that the diffu-
sion coefficients for the ions could be found.  

7.1 Ion Intercalation by cyclic voltammetry 
A simple electrode reaction involves electron transfer between two elec-
trodes dipped into a solution and where the electron transfer reaction trans-
forms a material between its reduced and oxidized form. In cyclic voltamme-
try (CV) a potential is applied and swept through a certain potential range 
and at a certain speed. From the current response it is possible to get rapid 
and qualitative information about the material under investigation [41]. The 
data is presented as cyclic voltammograms where one can reveal the ranges 
where the electrode reactions take place.  
 
A cyclic voltammogram is divided into parts controlled by mass transport, 
electron transport and mixtures of the two [41]. The mass transport can have 
contributions both from migration and diffusion, which are due to a potential 
and concentration gradient, respectively. The electron transport is represent-
ed by redox peaks, since the flux of electrons to the surface (reduction) in-
creases with time, and continues to increase until the surface concentration 
becomes zero. Thereafter the flux to the surface start to decrease and the 
response is peaked. At this point the process becomes diffusion controlled 
instead. If the redox couple is reversible an oxidation peak will also appear 
when the applied potential is reversed. The overall process in a system de-
pends on many things and it can be difficult to distinguish between them. 
The chemistry of the surface is strongly dependent on the solution and the 
result of a measurement depends on the choice of electrodes, solution and 
the interactions between them.  

 
In this work three electrodes; reference, counter and working, were im-
mersed in an electrolyte. An applied potential between the reference- and the 
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working electrode give rise to ions moving through the electrolyte. A current 
induced by charge-compensating electrons could then be measured between 
the counter- and working electrode. This is illustrated in Figure 26. The volt-
ammogram reveals the reactions at the working electrode, which is due to 
ions and electrons recombining, probably at the surface of the material. The 
working electrode was the electrochromic film and the counter- and refer-
ence electrode depended on the choice of electrolyte.  

 

 
Figure 26 : Illustration of the three electrode cyclic voltammetry setup [124]. An 
applied potential between the reference (R) and working (W) electrodes gives rise to 
a current between the counter (C) and working (W) electrodes. 

A CV gives the current I as a function of potential vs. reference electrode. 
The amount of charge Q is found by integrating the current with respect to 
time, i.e. 

Q Idt=  .    (33) 

After the electrochemical measurements, the sample surface area was always 
measured and all results are always given in units per unit surface area, i.e. 
A/cm2 or C/cm2. In paper I, the number of inserted ions per NiOz or WOy 
unit was also calculated. The following equation was used,  

r A

Q M
x

e A d Nρ
⋅=

⋅ ⋅ ⋅ ⋅
,   (34) 

where Q is the average between inserted and extracted charge. M is the mo-
lar mass of the NiOz or WOy, which depends on the stoichiometry. Ar is the 
intercalated/deintercalated sample surface area, e is the elementary charge, 
and ρ is the film density. 
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For electrochromic materials the electrode reaction results in a color change 
of the investigated material (the working electrode). Figure 27 shows an 
example of the W oxide thin film in its bleached and colored state due to H+ 
extraction and insertion, respectively.  

 

       
Figure 27: W oxide in its bleached and colored state. The color change was induced 
by three electrode cyclic voltammetry in propionic acid.  

The polarity of the applied voltage determines whether ions and charge-
balancing electrons are being inserted or extracted. Cathodic and anodic 
materials color upon insertion and extraction, respectively. The notations 
cathodic and anodic hence refer to the polarity at which the material is ab-
sorbing. Figure 28 shows cyclic voltammograms for Ni oxide and W oxide. 
These demonstrate the change in optical appearance during oxidation (ion 
extraction) and reduction (ion insertion). 
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Figure 28:  Cyclic voltammograms for cathodic W oxide (top) and anodic Ni oxide 
(bottom) cycled in 1 M Li-PC with a scan rate of 10 mV/s.  
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Moreover, determination of the density of states can be done by measuring 
the potential vs. intercalated charge, since this is described by the chemical 
potential (or Fermi level) as a function of ion content in the working elec-
trode [42]. If the intercalated species has charge nee this is described by   

0e pn eE μ μ− = − ,   (35) 

where Ep is the potential difference between the working and reference elec-
trode, ne =1 for Li intercalation, and μ and μ0 are the chemical potential for 
the working and reference electrode, respectively. Note that the chemical 
potential is a sum of contributions from both inserted ions and electrons, 
which can be hard to dissociate. In the present study the CV measurements 
were always started at the open circuit potential (OCP), which is the equilib-
rium potential of the working electrode before any external potential or cur-
rent is applied. The OCP could be an indication of where the Fermi level is 
situated in the band structure of the electrochromic thin film in its as-
deposited state.  
 
The electrochemical system was computer controlled by an ECO Chemie 
Autolab/GPES interface. The geometry of the electrochemical setup could 
vary, but for the normal setup the counter- and working electrodes were 
placed parallel to each other and the reference electrode on the side, making 
a triangular form. When using the aqueous electrolytes KOH and propionic 
acid the counter electrode was platinum and the reference electrode was 
Ag/AgCl. For the case of non-aqueous Li-PC both the counter and the refer-
ence electrode were Li foils. All experiments with Li-PC were carried out 
inside an argon-filled glove box.  

7.1.1 Choice of CV parameters 
The electrochemical process of the examined material depends on many 
factors and the complete picture of a system can be quite complicated [41]. 
In this work the choice of electrolyte, potential ranges and sweep velocity 
were considered. To ensure reversibility the films were always cycled for 
10-20 cycles. No further stability tests were carried out. 

 
An electrolyte consists of a solution containing an acid, base or salt. The 
most common solvent is water because it combines well with all of them. 
However, a non-aqueous solution is necessary if, for example, lithium salt is 
used, since lithium is highly reactive to water. In this work LiClO4 salt was 
dissolved in propylene carbonate (Li-PC).  
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An acid donates protons H+, whilst a base can accept protons, for example a 
solution that contains hydroxide ions, OH-. These can neutralize each other 
by the following reaction,  

HA H A+ −+ ,   (36) 

where A, for example, could be OH- and then the equation describes the for-
mation of water. The pH of a solution is a measure of its acidity; pH < 7 and 
pH > 7 correspond to an acid and base, respectively. One can also speak in 
terms of electron donors and acceptors, called Lewis acids and bases, respec-
tively [125]. The H+ and Li+, for example, are Lewis acids. The Lewis con-
cept is used for non- aqueous solutions as, for example, Li-PC. In this pro-
ject three different electrolytes were used, i.e. basic potassium hydroxide, 
KOH, acidic propionic acid and Lewis acidic Li-PC. The choice of electro-
lyte and its compability with the electrochromic thin film is essential for the 
electrochromic performance. KOH is a very strong base and deprotonates 
very efficiently, i.e. removes H+ from a molecule. Ni oxide works very well 
in KOH, but W oxide gets etched away. W oxide is instead compatible with 
acidic solutions, but Ni oxide is sensitive to acids. The oxidation state de-
termines whether the metal oxide is acid or basic. Oxides of an element in its 
higher oxidation state tend to form acids, and low oxidation states form ba-
ses. Intermediate oxides may serve as acid-forming or as base-forming ox-
ides, i.e. amphoteric [125]. The oxidation state of W in this study was 5+ or 
6+, and for Ni it was 2+ or 3+. This means that the W oxide was acidic and 
the Ni oxide was amphoteric, leaning towards the more basic. This means 
that they should react differently to acid and basic electrolytes.  

The preferred potential range for a certain system depends on which reac-
tions are required. The starting point for the CV was always set to be the 
open circuit potential (OCP), the equilibrium potential. The combination of 
electrodes and electrolytes determines the potential ranges that are suitable. 
The ranges were optimized regarding reversibility and chemical reactions. 
For example, Ni oxide is sensitive to acids and the potential ranges had a 
large impact on the reversibility. Further, reduction/oxidation of the electro-
lyte or gas evolution could obscure the useful analytical signal. Gas evolu-
tion could be observed as bubbles at the electrodes and as peaks in the CV. 
The overall electrode reactions in an aqueous neutral solution could be de-
scribed by [125]  

2 2 26 2 4 4
cathode anode anode cathode

H O H O H OH+ −→ + + + .  (37) 
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In CV measurements, a scan towards lower potentials means that the work-
ing electrode (the electrochromic film) is the cathode and H2 evolution can 
disturb the measurement. When the potential is reversed the working elec-
trode is the anode and O2 evolution can occur. From the Pourbaix diagram 
one can read that for 1 M KOH, which has pH 14, the H2 and O2 evolution 
occurs at - 0.8 V and 0.4 V vs. H, respectively [126]. 0.1 M propionic acid 
has pH about 2.4 and the H2 and O2 evolution is happening at - 0.2 V and 1.0 
V vs. H, respectively [126]. However, the potential at which gas evolution 
will occur depends on, not only the pH of the electrolyte, but also the choice 
of material for the electrode, and on the local morphology [41].  

 
Using non-aqueous solutions, such as Li-PC, gas evolution is not an obsta-
cle, but unwanted reactions can still occur. For example, formation of differ-
ent insoluble lithium salts take place at < 2.0 V vs. Li and the oxidation of 
propylene carbonate starts at about 4.5 V vs. Li [84].  Li2O formation has, 
however, been shown to be reversible in metal oxides having a rock salt 
structure, which is the case for Ni oxide [82,83]. Moreover, since the elec-
trochromic thin films were deposited onto the conducing ITO, possible reac-
tions in the ITO layer must also be considered. Rapid ITO degradation hap-
pens for potentials < 1.0 V vs. Li [127]. 
 
The sweep velocity also has an impact on which reactions that happen, at or 
in the working electrode. Some reactions are slow and need more time to 
occur. When electrochromic properties are investigated, it is important that 
the ions get enough time to both diffuse into and out of the material. In this 
work the potential was swept with a scan rate of 10 mV/s.  

7.2 Diffusion coefficient by impedance spectroscopy 

With impedance spectroscopy it is possible to distinguish between different 
kinds of processes happening in the electrochemical cell. The whole system 
is typically described by electrical contacts, electrodes and an electrolyte. 
Processes are dependent on these three components, but also on the interfac-
es between them. Parameters that can be found using impedance spectrosco-
py are, for example, diffusion coefficient, film thickness, electrolyte re-
sistance, charge transfer resistance at interfaces, double-layer capacitance 
and capacitance of the sample [128].  

The measurements are done by examining the impedance, which is found by 
applying an alternating voltage to a sample, and measuring the resulting 
current [41].  
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The results are often presented as the impedance Z as a function of frequen-
cy, ω. This is a complex quantity defined as 

( ) ( )
( )

0

0

sin

sin

V t
Z

I t

ω
ω

ω ϕ
=

+
 .   (38) 

V0 and I0 is the maximum amplitude of the applied voltage and current re-
sponse, respectively. The phase shift φ arises because the electrode reaction 
behaves like an electrical circuit, which contains capacitances as well as 
resistances. This makes it possible to carry out a simulation of the complex 
electrochemical system using an electrical circuit. This is called equivalent 
circuit analysis. In this analysis components are added to the circuit until it 
reproduces experimental results. Each component is interpreted in terms of 
physical parameters of the system, like mass transport or reactions at the 
interfaces of materials. This is, however, a very simplified description of 
impedance spectroscopy. Presentation and interpretation of measured data 
can be done in different ways, and the reproduction of the electrochemical 
system can be quite complicated. 

 
The impedance spectroscopy measurements in paper IV were done by 
Dr. Esat Pehlivan at Uppsala University. He used a Solartron electrochemi-
cal interface together with a Solartron frequency response analyzer to control 
the electrochemical cell. An AC signal with different frequencies was super-
imposed on a DC potential. The impedance was analyzed with films in dif-
ferent coloration states, obtained by varying the DC potential. 
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8 Optical characterization 

The insertion and extraction of ions and charge balancing electrons results in 
variations of the optical appearance of the thin film. The transmittance and 
reflectance in as-deposited, bleached and colored states were measured using 
a spectrophotometer. These properties make it possible to describe the de-
gree of absorption and how efficiently the ions induce the color change. El-
lipsometric measurements of as-deposited samples were also done. These 
resulted in values of optical constants, and probable nanostructures. The 
latter were found by including effective medium theory. 

8.1 Transmittance and reflectance by spectrophotometry 
The transmittance and reflectance were measured in-situ and/or ex-situ using 
spectrophotometry. Results from these measurements were used in equations 
found in chapter 3.2 to calculate absorption coefficient and coloration effi-
ciency. 
 
Optical measurements conducted when the sample was still in the electro-
chemical cell are denoted in-situ. The optical measurements were carried out 
using a fibre optic spectrophotometer from Ocean optics and the whole cell 
was put between a tungsten halogen lamp and a detector. Figure 29 shows a 
schematic picture of what the setup looked like. The transmittance could be 
measured for wavelengths between 350 and 800 nm. Two kinds of meas-
urements were made, transmittance vs. wavelength, and transmittance vs. 
time at specific wavelengths. The latter makes it possible to observe how the 
transmittance changes during the whole coloring / bleaching cycle. A 100 % 
transmission line was set as the transmittance of the cell containing the liq-
uid electrolyte. This results in low intensity losses due to reflectance, since 
the refractive indices of electrolyte and sample are close. The reflectance is 
calculated by equation (4) in chapter 3.1.  
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Figure 29: Schematic of the set-up for combined optical and electrochemical meas-
urements. Current and voltage are denoted I and V, respectively. The glass cell was 
filled with an electrolyte and the electrodes were positioned at a distance of ~ 1.5 cm 
between the working and counter electrode. The whole electrochemical cell was 
placed between a tungsten halogen lamp and a detector for optical measurements.  

Ex-situ means that the sample was removed from the electrochemical cell 
prior to the measurement. The CV was stopped at the fully dark or fully 
bleached state and the sample was put in the spectrophotometer. These opti-
cal states were achieved when the current density was zero and the process 
was to be reversed. This is the case if the coloring mechanism is as fast as 
the diffusion, which was shown, in paper I, to almost always be the case. For 
propionic acid a small deviation was observed, which can be seen in Figure 
2 and 6 in paper I. It was observed that both the Ni oxide and the W oxide 
continued to color for a short time after the process was being reversed. Af-
ter being taken out of the electrolyte, the sample was washed with distilled 
water. The transmittance and reflectance measurements were then performed 
using a Perkin Elmer lambda 9 spectrophotometer in the wavelength range 
of 300 < λ < 2500 nm. The sample was then put inside the electrolyte again, 
bleached/colored and put back in the spectrophotometer. Each measurement, 
reflectance and transmittance, took about 15-20 min.   

 
Figure 30 shows examples of reflectance and transmittance spectra measured 
ex-situ, together with an in-situ transmittance spectrum. As can be seen, the 
thin films gave rise to interference fringes in the spectra. When working with 
thin films, one should always have in mind that peaks could be attributed to 
interference. The higher in-situ transmittance was due to the refractive indi-
ces of electrolyte and sample being closer than that of air and sample. This 
could easily be calculated by equation (4) in chapter 3.1. This difference 
must be considered when comparing in-situ values with results from ex-situ 
measurements.  

IV

Light

2 cm
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Figure 30: Comparison between in-situ and ex-situ transmittance measurements of   
the bleached and colored states of Ni oxide cycled in 1 M Li-PC. 

The optical measurements were always done after pre-cycling for about ten 
to twenty cycles to ensure the reversibility of intercalation/deintercalation. 
Comparative studies of transmittance or reflectance were always made on 
samples cycled an equal number of cycles, if not otherwise was stated. The 
optical results make it possible to calculate, for example, the absorption co-
efficient and coloration efficiency, the equations of which are found in chap-
ter 3.2. 

8.2 Optical constants and nanostructures by 
ellipsometry and effective medium theory 
Ellipsometry acquires information about materials by measuring the polari-
zation state of light. Light waves propagate with different polarization. P-
polarized and s-polarized waves oscillate parallel and perpendicular to the 
plane of incidence, respectively. If light is reflected on a surface, the polari-
zation state changes and the reflectance of p- and s-polarized waves are pre-
dicted by the Fresnel equations, which are described by equation (2) in chap-
ter 3.1, but can also be written in the following form, 

Rp Rs
i i

p p s sr r e r r eδ δ= =  .  (39) 

ǀrpǀ and ǀrsǀ give the amplitudes and δrp and δrs give the phase shifts upon 
reflection.  
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In ellipsometry a light source produces unpolarized light, which passes 
through a monochromator and a polarizer. The monochromated polarized 
beam is reflected on the surface of the sample and the polarization state 
changes. The reflectance ratio between the two polarization states are meas-
ured and the differential changes in amplitude Ψ and phase Δ are found by 
the fundamental ellipsometric equation [129,130]. 

tan ep i

s

r

r
Δ= Ψ    (40) 

From equations (39) and (40) one can see that  

tan
p

s

rp rs

r

r

δ δ

Ψ =

Δ = −
 .   (41) 

These measured quantities are then compared to calculated values of the Δ 
and Ψ [130]. The calculated values can be found by different optical models. 
Depending on the sample, different models are more or less appropriate for 
describing a certain material. The films can, for example, be modeled as a 
uniform layer or as a graded-index layer. A graded model means that the thin 
film is assumed to consist of a number of layers with slightly different prop-
erties. Computer programs written according to the chosen optical model 
then calculate the ellipsometric parameters Ψ and Δ and search for the best 
fit to the measured spectrum. The goal is to derive optical constants (refrac-
tive indices and dielectric functions) and thickness from ellipsometric meas-
urements. The relation between refractive index and dielectric function is 
described by equation (6) in chapter 3.2. 

 
Ellipsometric analysis often considers planar interfaces between the different 
media. If the material instead is assumed to be a mix of two or more phases 
one could complement the ellipsometric characterization by effective medi-
um theory [130]. In this theory the volume fractions of the different constitu-
ents are taken into account. If ε for the respective constituents is known, 
effective medium theory allows the optical properties of the composite to be 
calculated. The most well-known effective medium approximations are the 
Maxwell Garnett and the Bruggeman approximations [130]. In Maxwell 
Garnett a phase is assumed to be imbedded in another phase, but for the 
Bruggeman approximation the phases are considered to be randomly mixed. 
In paper III, where the WO3 was the “host” material, the dielectric function, 
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εBR, of various Ni-W oxides was calculated by the following Bruggeman 
effective medium approximation, 
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,  (42) 

where fm and εm are the volume fraction and dielectric function for the differ-
ent constituents and εBR is the calculated dielectric function. Two possible 
scenarios for the Bruggeman theory were investigated. The first was that the 
dielectric functions for the mixed NixW1-x oxides could be described as a 
mixture of WO3 and NiWO4. The second scenario was that the films instead 
consisted of a mixture of WO3 and NiO. The volume fractions, in equation 
42, for the different scenarios were obtained from the following equations, 
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where M is molar mass and ρ is the density.  
 

All the ellipsometric measurements were conducted in collaboration with 
Dr. Iryna Valyukh at Linköping University. She used a rotating analyzer 
ellipsometer for the UV-VIS-NIR region and an infrared Fourier transform 
rotating compensator ellipsometer for the IR measurements.  
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9 Results and discussion 

The results are divided into four sections. The first three are mainly results 
from a feasibility study where ITO, W oxide and Ni oxide, respectively, 
were examined in three different electrolytes. These electrolytes were KOH, 
propionic acid and Li-PC. The aim of the study was to find an electrolyte 
that was compatible with both Ni oxide and W oxide since this work is 
mainly on mixed Ni-W oxides. Most of the results from the pre-study are 
however found in paper I. In the section on Ni oxide results from paper VI 
are also presented, as it concerns the effect of adding water vapor to the sput-
tering gas. The last chapter is on mixed Ni-W oxides and that chapter gives 
compiled results taken from papers II to V.   

9.1 The ITO substrate 
CV measurements of only the commercial ITO (In2O3:Sn) were done in the 
same electrolytes that were used in the feasibility study on the W oxide and 
Ni oxide. The motivation was to investigate how the ITO was affected by the 
electrolytes. The oxidation state of In in In2O3 should be 3+ and the oxide is 
hence acidic [125]. However, in basic 1 M KOH electrolyte nothing remark-
able was discovered in the chosen potential region, and the current density 
was very low, see Figure 31. In 0.1 M propionic acid, on the other hand, it 
was noted that care must be taken for low potentials. The very sharp peak at 
-0.2 V vs. H was due to H2 evolution [126], but it can also be seen that some 
chemical reaction was taking place already below 0.2 V vs. H. Previous 
work has also noted that electrochemical reactions happened in acid solu-
tions, but not in neutral solutions [131]. The reduction/oxidation, was how-
ever, seen at potentials lower than -0.3 V vs. H, and observed together with 
an optical change. Several aqueous acid solutions (NaCl, HCl, KSCN) to-
gether with different oxidizable agents were used. No optical measurements 
were done in the present work, but no change which could be easily detected 
by the eye was observed. 
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Figure 31: Cyclic voltammetry of ITO cycled in 0.1 M propionic acid and 1 M 
KOH. OCP was ~ 0.55 and ~ 0 V vs. H in propionic acid and KOH, respectively.   

In 1 M Li-PC the OCP was 3.4 V vs. Li. Note that in Li-PC all potential 
values are presented in V vs. Li. The electrode potential of Li is -3.04 vs. 
SHE [41]. When investigating the ITO in Li-PC the potential range was, at 
first, set between 0 and 4 V vs. Li, and a big peak at low potentials resulted 
in some phase formation. The ITO turned irreversibly black, probably due to 
the formation of metallic indium [85]. This can be seen in Figure 32 as a 
sharp decrease in current density. In Figure 33 the potential range was di-
minished in order to avoid the irreversible reaction. In the graph one can see 
reversible oxidation/reduction currents. The oxidation peak increased and an 
extra reduction peak was formed with an increasing number of cycles. The 
same behavior of ITO cycled in Li-PC between 1 and 3 V vs. Li was also 
seen by Corradini et al. [132] and Bressers et al. [85]. Earlier it was proposed 
that this was due to Li insertion and extraction [133,134], but Bressers et al. 
suggested that Li was not intercalated to the bulk, but that a surface film was 
created due to the reduction of the solvent and that the reversible inser-
tion/extraction was from this film [85]. Previous results show that this inser-
tion/extraction could result in a small optical change, both in NIR [133,134] 
as well as in the VIS [85]. Preliminary results on the present ITO indicate a 
transmittance modulation for samples cycled in the same potential range as 
the ones in Figure 33, but not if they were cycled between 2 and 4 V vs. Li 
[135]. 

 



 74 

 
Figure 32: CV spectrum for ITO cycled in 1 M Li-PC. The large current density 
decrease for low potentials resulted in the ITO becoming irreversibly black.  

 
Figure 33: CV spectrum for ITO cycled in Li-PC at a scan rate of 10 mV/s. As the 
number of cycles increased, the oxidation peak increased and an extra reduction 
peak was formed.  
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As seen in Figure 33, the current density for ITO was quite high below 2 V 
vs. Li, and this might influence the measurement of the electrochromic film. 
To be sure that the ITO was not affected by the electrolytes and to reduce 
confusing extra peaks in the CVs for the electrochromic films, the potential 
range was reduced further in the subsequent measurements and the electro-
chromic thin films were all cycled between 2 and 4 V vs. Li. Another reason 
for not using potentials lower than 2 V vs. Li is that one avoids risking the 
formation of surface layers of insoluble lithium salt, i.e. LiO2, Li2O2, or Li-
OH [84]. This formation is not reversible and the electrochromic effect will 
then slowly degrade. In addition, the risk of changes in the optics of the ITO 
is avoided in the potential region of 2 to 4 V vs. Li. 

9.2 W oxide 
The W oxide thin films were characterized by XRD, RBS and XPS. XRD 
showed no diffraction peaks, i.e. the W oxide was X-ray amorphous. From 
XPS and RBS the composition of WOy was found to be 2.5 < y < 2.8 and the 
density 5 < ρ < 5.9 g/cm3. Results on the optical constants can be found in 
reference [33]. 

 
Pure W oxide was only examined in propionic acid and Li-PC. If KOH was 
used the thin film was etched away almost immediately, since KOH is very 
strongly basic and W oxide is acidic. It should hence be compatible with 
acid electrolytes. In order to get an electrochromic response in propionic 
acid, the W oxide was cycled in the potential range, -0.3 to 0.6 V vs. H. This 
is not such a good choice though, both regarding H2 gas evolution and chem-
ical reactions in the ITO, as can be seen in Figure 31. It was noted that the W 
oxide was not stable in the propionic acid and that it got a milky appearance 
after about 30 cycles.  

 
In Li-PC the stability and electrochromic response were very good, as ex-
pected and presented many times before [6,51]. Figure 34 shows a voltam-
mogram together with the optical response at a wavelength of 550 nm. The 
transmittance was measured in-situ and this was the reason for the very high 
transmittance in the bleached state. In paper I more electrochemical and op-
tical results on W oxide are presented. 
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Figure 34: Cyclic voltammogram of W oxide cycled in Li-PC at a scan rate of 10 
mV/s, and the in-situ transmittance response at a wavelength of 550 nm. 

9.3 Ni oxide 
The Ni oxide thin films were also characterized by XRD, RBS and XPS. 
XRD showed that the Ni oxide thin films were polycrystalline and had a 
crystalline size of about 26.5 nm. XPS and RBS showed that the composi-
tion of the NiOz was 1 < z < 1.3 and the density 3.9 < ρ < 4.5 g/cm3. Results 
on the optical constants can be found in reference [33]. 
 
The Ni oxide was electrochemically cycled in KOH, propionic acid and Li-
PC. As presented in paper I, the optical modulation and charge density in 
KOH was superior, and the difference between immersing the Ni oxide in 
propionic acid and Li-PC was very small. Further, the Ni oxide could only 
be colored as compared to the as-deposited in KOH, and in the other two 
electrolytes it could only be bleached. Ni oxide was quite unstable in propi-
onic acid. It was necessary to lower the concentration from 1 to 0.1 M and to 
be within a certain potential range in order to get a reversible electrochemi-
cal response. There is no further mention of KOH or propionic acid since 
they were not used in any further studies. Results on electrochromic proper-
ties in those electrolytes can be found in paper I.  
 
Li-PC is widely used together with W oxide, but as mentioned in chapter 4.2 
only a few studies have been made on Ni oxide [78-81] or Li-Ni oxide 
[87,89] in Li-PC. These studies were done in a potential range of about 1 to 
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4 V vs. Li. As pointed out by Passerini et al., the CV behavior of pure Ni 
oxide in the potential range of 1 to 2.5 V vs. Li was found to be very similar 
to that of ITO [80]. In Figure 35 one can see a comparison between CV 
measurements of the ITO and one of the present Ni oxide thin films cycled 
in the same potential range, i.e. 1 to 4 V vs. Li. As can be seen, for the pre-
sent films, most of the electrochemical reaction took place at high potentials. 
The smaller current response peak for Ni oxide at ~1.2 V vs. Li might be 
attributed to some reaction in the ITO.  

 
Figure 35: Comparison between a CV spectrum for ITO and a Ni oxide thin film, 
cycled in Li-PC at a scan rate of 10 mV/s.  

All further studies were made in the range of 2 to 4 V vs. Li. However, for 
Li-Ni oxides it was observed that most of the bleaching was achieved at 
potentials lower than 2 V vs. Li [87,89], and therefore a decision to diminish 
the potential range has to be made remembering that it might affect the opti-
cal modulation negatively. 
 
Figure 36 shows a voltammogram together with the in-situ optical response 
of an as-deposited bleached Ni oxide in Li-PC, cycled between 2 and 4 V vs. 
Li. As can be seen, the optical response was in the same degree as seen by 
Passerini et al., i.e. about 15 % modulation [78-81]. 

 



 78 

 
Figure 36: Cyclic voltammogram of Ni oxide cycled in Li-PC at a scan rate of 10 
mV/s, and the in-situ transmittance response at a wavelength of 550 nm. 

The transmittance of the as-deposited films in paper I was very high, i.e. 
about 80 % and was hence the reason for the low optical modulation in pro-
pionic acid and Li-PC. The reason for fabricating bleached films was that it 
was found that, in KOH, as-deposited transparent Ni oxide had better elec-
trochromic properties than dark as-deposited Ni oxide, in terms of enhanced 
transmittance modulation [102-104]. Hence, the search for a substitute elec-
trolyte for KOH was investigated on transparent films.  

Colored Ni oxide was then fabricated by increasing the oxygen flow, see 
Figure 17 in chapter 5.2, with the object of improving the optical contrast 
between the bleached and colored state in Li-PC. Ni oxide thin films sputter-
deposited with an O2/Ar ratio of 8, 15 and 20, respectively, were fabricated 
and resulted in as-deposited dark Ni oxide, i.e. about 40 % transmittance at 
550 nm wavelength. It was observed that the dark state was not stable and 
that it bleached over time, just lying in air. Most of the bleaching happened 
during the first day, but continued a long time after deposition, which is 
shown in Figure 37. Even when CV and optical measurements were con-
ducted within a few hours after deposition, the samples could not be 
switched back to the very dark state of the as-deposited films after being 
electrochemically bleached. Actually, the colored state achieved upon elec-
trochemical cycling, more or less coincided with the transmittance of the 
sample bleached by lying in air for one week. This is illustrated in Figure 38. 
It was found that initially dark Ni oxide films exhibited a slightly larger opti-
cal contrast when cycled in Li-PC than initially transparent ones, i.e. an im-
provement of about 5 % at 550 nm wavelength.   
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Figure 37: As-deposited transmittance at 550 nm, as a function of number of days 
after deposition.   

 
Figure 38: Transmittance measurements on a Ni oxide film which was cycled in Li-
PC within a few hours after deposition. The transmittance was also measured one 
week after deposition on an as-deposited film, and this spectrum is noted “bleached 
by time”.  
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An attempt to store the samples in an argon-filled glove box was made, but 
resulted in the samples bleaching even faster. Samples under further investi-
gation were hence all stored in air.  

The fact that the Ni oxide bleached in argon atmosphere indicates that a dark 
phase was transformed to a bleached phase due to something (H2, H2O, O2) 
leaving the sample rather than added to it. The formation of transparent 
Ni(OH)2 needs more H or H2O which is not likely in argon atmosphere. This 
means that the bleaching instead should be caused by O2 or H2O leaving the 
sample and one could speculate that colored NiOOH transforms to transpar-
ent NiO by for example this two-step process, 

2 3 2

2 3 2

2

2 4

NiOOH Ni O H O

Ni O NiO O

→ +
→ +

.  (45) 

As mentioned in chapter 4.2, equation (25), Campet et al. suggested that the 
presence of NiOOH is necessary for an electrochromic effect, even though 
the electrochemical measurement is conducted in a Li-electrolyte [86]. This 
means that the spontaneous bleaching process of the Ni-rich films turned the 
NiOOH state to an electrochromically less favorable state. 

 
Moreover, paper VI reports that adding water to the sputter process when 
depositing Ni oxide improved the electrochromic properties in KOH. This 
study was a complement to the previous work by Abe et al. [136,137], who 
showed that sputtering in the presence of water vapor promotes the for-
mation of NiOOH. In paper VI samples deposited with water partial pres-
sures of pH2O < 10−3 Pa and pH2O ~7×10−2 Pa, were investigated. A higher 
water pressure resulted in films displaying a transmittance as low as 15 % 
for the colored state and 73 % for the bleached state, at a wavelength of 
550 nm. The lower water content resulted in a transmittance of 28 % for the 
colored state and 73 % for the bleached state. The samples had an X-ray 
amorphous structure. It was suggested that the amorphous state was due to 
the hydrous character of the film and that this facilitated the charge transfer 
when using KOH electrolyte [74,76]. Since hydrogen atoms are already in-
corporated in the thin film, the transformation between bleached Ni(OH)2 
and colored NiOOH can take place both at the surface and inside the film, 
and could explain the enhanced optical modulation. However, when Li-PC 
was used the outcome was not as positive. The Ni oxide thin films that were 
sputtered in water vapor were very dark as-deposited, as can be seen in Fig-
ure 39. CV in Li-PC showed that the Ni oxide was bleached, but that after 
the first bleaching cycle the transparency was not changed at all. Strangely 
enough the irreversible bleaching process was not observed in the CV in 
Figure 40. 
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Figure 39: Transmittance in the colored and bleached states for a Ni oxide film, 
sputter deposited with H2O in the reactive gas. The bleaching was done in Li-PC and 
was irreversible.  

 
Figure 40: Cyclic voltammograms for Ni oxide cycled in Li-PC at a scan rate of 10 
mV/s. The Ni oxide was sputter-deposited with H2O in the reactive gas. The inset 
shows the charge density for each cycle.  
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9.4 Mixed Ni-W oxides 
In this chapter summarized results on samples in the whole composition 
range of Ni-W oxides are presented. The sample manufacturing was divided 
into two large batches. In the following graphs, samples on the W-rich and 
Ni-rich side are represented by data marked in red and black, respectively. 
Sometimes a small discrepancy can be seen at the border between the two 
batches, even though all sputter parameters were kept constant. The total 
power was 230 W (PW + PNi), the working pressure was 30 mTorr and the 
oxygen to argon flow ratio flow (O2/Ar) was 0.15. The samples had a thick-
ness of about 200 nm on the Ni-rich side and on the W-rich side it was be-
tween 150 and 250 nm.  

9.4.1 Composition by XPS and RBS 

The composition was found by both XPS and RBS and Figure 41 shows the 
ratio between the Ni and Ni+W amount in the film together with the trans-
mittance of the as-deposited state. The different compositions are denoted 
NixW1-x oxide, i.e. x referring to the amount of Ni in the film. As can be seen 
in the inset in Figure 41 the transmittance was about 35 % at a wavelength of 
550 nm for the Ni-rich films. At about x = 0.7 the transmittance starts to 
increase and for the W-rich films the transparency was above 80 %. Figure 
42 includes the amount of oxygen in the films, where 100 % includes the 
total atomic concentration of Ni, W and O. In both Figure 41 and Figure 42, 
the XPS and RBS results are quite consistent, at least for the W. Some dis-
crepancies were seen for the Ni-rich samples, for Ni and O. Since XPS only 
probes the surface, RBS values should be the better description of the com-
position of those materials. Nevertheless, note that x in the NixW1-x oxide 
samples presented in this work was calculated by values found by XPS. 
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Figure 41: A summary of all the compositions, deposited by varying the power ratio 
between the Ni and W target. The inset shows the transmittance at a wavelength of 
550 nm of the as-deposited films. Red and black represent two different batches. 

  
Figure 42: Atomic concentration of oxygen (O), nickel (Ni) and tungsten (W) for all 
the Ni-W oxides, measured by both XPS and RBS. Red and black represent two 
different batches.   
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To investigate the change in stoichiometry of the film, the ratio between the 
measured amounts of O and metal atoms (Ni+W) was calculated. This ratio 
was compared with a line for “stoichiometric” NixW1-xOz calculated by

#
3 2

#( )

O
x

Ni W
= −

+
.   (46) 

Equation (46) describes that if x = 0.5 we have NiWO4 and the ratio between 
oxygen and metal atoms should hence be 2, i.e. the oxygen atoms are twice 
as many as metal atoms. x = 1 and x = 0 means NiO and WO3, respectively 
and the ratio is hence 1 and 3. In Figure 43 one can see the calculated “stoi-
chiometric” line and the values of the O/(Ni+W) ratio found by RBS values. 
On the Ni-rich side the overstoichiometry indicates that the samples contain 
Ni(OH)2, NiOOH and/or Ni2O3. In paper V it was suggested that the Ni-rich 
films contained hydrous Ni oxide together with NiWO4. On the W-rich side, 
overstoichiometry could, perhaps be explained by hydroxide being present. 
Moreover, the inset in Figure 43 shows that the calculated values for the 
density were close to, or slightly larger than, those of amorphous W oxide on 
the W-rich side. On the Ni-rich side the W addition resulted in higher densi-
ties compared to the pure Ni oxide. Some carbon was detected inside the thin 
film, up to an atomic concentration of 15 %. When calculating the density, 
the number of C atoms was subtracted from the thickness in atoms/cm2 

found by SIMNRA. 

 
Figure 43: Ratio between oxygen (O) and metal atoms (Ni+W) found by RBS. The 
“stoichiometric” line was calculated by equation (46). The inset shows density as a 
function of x.  Red and black represent two different batches. x was found by XPS. 
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9.4.2 Crystal structure by XRD 
On the W-rich side the samples were all X-ray amorphous. Figure 44 shows 
that electrochromic pure Ni oxide was polycrystalline, but that W addition 
leads to amorphous films already at x = 0.84. As mentioned in chapter 4.3 it 
was suggested that the less ordered state was due to W substituting for Ni, 
which induced a perturbation to the lattice [96].  

 
Figure 44: XRD spectra for NixW1-x oxides deposited onto Si. The planes are as-
signed to the cubic phase of Ni oxide [138].  x was found by XPS 

9.4.3 Phases by XPS  
The binding energies of W 4f, Ni 2p and O 1s were investigated by XPS. 
The energy was calibrated by putting the C 1s binding energy at 284.5 eV. 
The calibration offset often differs between different studies. In order for the 
comparison to be correct, all binding energies presented from other studies 
were recalculated using the calibration offset of 284.5 eV. Figure 45 shows 
the W 4f, Ni 2p and O 1s binding energies for a number of different compo-
sitions. XPS spectra for additional samples can be found in papers II and V. 
 
W oxide may consist of W atoms with oxidation states W6+, W5+ and/or W4+. 
The W 4f7/2 binding energy is larger the higher the oxidation state. The peak 
lies at 33.4, 34.8 and 35.5 eV for W4+, W5+ and W6+, respectively [139]. The 
W 4f7/2 peak for NiWO4 was found to lie at 35.9 eV [140] and 35.1 eV [141]. 
In Figure 45 one can see a clear shift of the W 4f peak position with compo-
sition. The W 4f peaks show that the W-rich films (x < 0.50) contained W6+ 
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and the Ni-rich films (x > 0.50) contained W5+, or possibly nanocrystalline 
NiWO4. In paper V, it was concluded that the Ni-rich samples, most proba-
bly, consisted of nanocrystalline NiWO4 and not substoichiometric W5+ ox-
ide, due to the high transparency of films with x < 0.70 and due to the high 
oxygen content found by RBS. The two batches differ somewhat at x ~ 0.50. 
Nevertheless, in paper II it was found that the W 4f peak position at 35.2 eV, 
for W-rich films, was attributed to NiWO4, and that the W-rich films hence 
consisted of W oxide- and NiWO4-phases. 

 
The Ni 2p spectra for oxides are complex and contain multiple peaks at bind-
ing energies between about 852 and 860 eV. The interpretations differ in the 
literature, but stoichiometric crystalline NiO is characterized by a distinct 
Ni 2p3/2 double peak, where the more dominant peak is found at the lower 
binding energies [72,142]. Observed binding energies for the double peaks 
are 854 and 854.4 eV for the dominant peak [142,143], and 856.1 eV for the 
second peak [143]. The dominant Ni 2 p3/2 peaks for Ni(OH)2 and NiOOH 
phases are found in between the two peaks of the perfect NiO and it is diffi-
cult to assign a single binding energy for the oxidation states Ni2+ and Ni3+ 

[72,142,144-147]. For Ni2O3 the peak has been found at even larger binding 
energies, i.e. 856.4 eV [148]. The Ni 2p3/2 peak in NiWO4 were found at a 
binding energy of 855.7 eV [140] and 857.4 eV [141], i.e. close to, or higher 
than, that of Ni(OH)2 and NiOOH. The Ni 2p3/2 peak in Figure 45 for pure 
Ni oxide (x = 1) shows that the film consists of a mix of NiO and hydrous 
Ni oxides, the majority being NiOOH since the film was absorbing. The 
W addition shifted the Ni 2p3/2 peak to higher binding energies, as the 
W content was increased. In addition, the transmittance was enhanced for 
films with x < 0.7. The peak shift could indicate that NiWO4 was formed, but 
binding energies for NiWO4, Ni(OH)2 and NiOOH are overlapping and hard 
to dissociate.  
 
The O 1s states for different Ni oxides and hydroxides overlap in a measured 
spectrum and it can be difficult to distinguish the different phases. The NiO 
and Ni2O3 phases are assigned to single peak positions, NiO at 529.1 or 
529.6 eV for example [143,148] and Ni2O3 at 531.4 eV [148]. The O 1s peak 
position for NiOOH and Ni(OH)2 however can be difficult to assign [144-
147,149]. The O 1s peak for WO3 is found at 530.5 eV and should not be 
affected by the stoichiometry of the W oxide [150]. The O 1s peak position 
for NiWO4 is found at 530.75 eV [140] and 531.4 eV [141]. In Figure 45 one 
can see that the O 1s double peak for the Ni-rich films merged into one as 
more and more W was added. The formed O 1s single peak could be as-
signed to both W oxide and/or NiWO4. However, since the O 1s peak posi-
tion should not be affected by the stoichiometry of W oxide [150], the ob-
served peak shifts should solely be the result of the presence of Ni3+ and/or 
Ni2+. This means that the single peak is most likely attributed to NiWO4. 
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However, contributions from overlapping binding energies originating from 
NiOOH and Ni(OH)2 are also found in this region and the picture might not 
be as simple.  

 

 
Figure 45:  XPS spectra for mixed 
NixW1−x oxide films. W 4f (upper left), 
Ni 2p3/2 (upper right) and O 1s (left). 
The energy was calibrated by putting 
the C 1s binding energy at 284.5 eV. 
Red and black represent two different 
batches and x was found by XPS. 
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9.4.4 Phases by Raman spectroscopy 
Figure 46 shows that Raman spectra of W-rich samples are dominated by 
two bands, located at about 790 and at 950 to 970 cm−1, and that the ratio 
between these peaks changed with composition. These two bands are com-
monly assigned to O–W–O bond stretching and to terminal W=O modes. 
The Raman signal of the pure W oxide (x = 0) corresponds to that of an 
amorphous film [115,116]. Upon an increase of the Ni content, the intensity 
of the band at 950 cm−1 grew and became dominant for x > 0.2. Ni oxide 
with a rock-salt structure has weak Raman scattering, as mentioned in chap-
ter 6.6, but NiWO4 has a very strong Raman signal at 891 cm−1 which corre-
sponds to stretching vibration of W–O. This peak is not seen in Figure 46. 
However, it was found recently [117] that nanosized tungstates, with crystal-
lite sizes below 2 nm, are X-ray amorphous and have a Raman signal very 
close to that observed in Figure 46 for x = 0.45, i.e. a dominating band locat-
ed at 970 cm−1 and a broad low-intensity band at 790 cm−1. Moreover, in 
paper II it was found that Raman signals for the W-rich samples correspond-
ed well to a weighted sum of pure amorphous W oxide and nanosized 
NiWO4 phases. Therefore the conclusion in paper II was that the NixW1−x 
oxide film with x = 0.45 had a nanosized NiWO4 phase. 

 
Figure 46: Raman spectra of NixW1−x oxide films on the W-rich side. Vertical lines 
indicate the positions of the two main bands at about 790 and 970 cm−1. 
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9.4.5 Nanostructures by ellipsometry and effective medium 
theory  
For the W-rich films the presence of NiWO4 was confirmed by XPS and 
Raman spectroscopy in paper II. In paper III this scenario was further inves-
tigated by ellipsometric measurements complemented by effective medium 
theory [130]. As described in chapter 8.2, measured values for the dielectric 
function, ε(ω), of the mixed Ni-W oxide films were compared to theoretical 
values, εBR, calculated by the Bruggeman theory in equation (42). εBR was 
calculated for two different scenarios, i.e. the W-rich  films contained either 
of WO3 and NiO, or WO3 and NiWO4. 

The densities of NiO and WO3 were taken from paper I, being 3.8 and 5.2 
g/cm3, respectively. The density of NiWO4 was found to be close to that of 
WO3, which can be seen in the inset in Figure 43. The different volume frac-
tions, calculated by equation (43) and (44) were put into equation (42), to-
gether with measured values for εWO3 and εm, m, being NiO or NiWO4. The 
dielectric functions for NiO, WO3 and for a variety of different NixW1-x ox-
ides can be found in reference [33] and [34]. The dielectric function for the 
film with x = 0.53 was set to be the value for the NiWO4. The calculated val-
ues, εBR, for the different NixW1-x oxides were compared to the ellipsometric 
measurements, and these comparisons are presented in paper III. The peak 
positions of the dielectric constants, ε2, were then presented as a function of x, 
and visualized in Figure 47. As can be seen, only scenario number two was in 
agreement with experimental findings, i.e. the mixed films most probably 
consist of WO3 and NiWO4. This is consistent with the findings in paper II.  

 
Figure 47: The position of the peak of the dielectric constant, ε2, as a function of x in 
NixW1-x oxide. ε was found by ellipsometric measurements, as well as with effective 
medium theory assuming two different scenarios, being the NixW1-x oxides contain-
ing either a mixture of WO3 and NiWO4, or WO3 and NiO [151].  
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9.4.6 Fermi level by open circuit potential and transmittance 
As mentioned in chapter 7.1 the open circuit potential (OCP) can give an 
indication of the position of the Fermi level in the band structure. This 
means that a difference in OCP with composition indicates the shifting of the 
Fermi level. An increase in the OCP means that the Fermi level is found at 
lower energies and vice versa, as shown in equation (35). The transparency 
of the as-deposited state reveals whether the Fermi level is found in the band 
gap or not. Therefore Figure 48 presents values for the transmittance as well 
as the OCP. 

 
Figure 48 shows that, in the present work, the as-deposited Ni-rich samples 
were colored, i.e. the films were nonstoichiometric with a Fermi level posi-
tioned somewhere in the valence band, as described in chapter 4.2. On the 
contrary, the high transparency of the W-rich films shows that the Fermi 
level was found in the band gap. The values for the OCP were somewhat 
scattered. However, it can be seen that the OCP for W-rich and Ni-rich films 
were close, and that the OCP was higher for the non-electrochromic samples, 
i.e. x ~ 0.50. For these samples the transmittance was high, which indicates 
that the Fermi level was shifted down to lower energies as compared to other 
compositions, but still positioned in the band gap.  

 
Figure 48: Open circuit potential (above) and transmittance for the as-deposited state 
at 550 nm wavelength (below) as a function of x, for a number of different NixW1-x 
oxides.  Red and black represent two different batches and x was found by XPS. 
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9.4.7 Electrochemical properties  
This section demonstrates the electrochemical behavior of different compo-
sitions, cycled in Li-PC. Figure 49 shows cyclic voltammograms at cycle 20 
for some of the electrochromic films and one can see how the shape and 
position of the oxidation and reduction peaks depend on the composition of 
the films.  

 
Figure 49: CV at cycle 20, for the Ni-rich (above) and W-rich (below) side of the 
NixW1-x oxides, cycled in Li-PC at a scan rate of 10 mV/s. x was found by XPS. 

The charge density decreased upon addition of another species, both for the 
Ni- and for the W-rich side, as can be seen in Figure 50. On the W-rich side 
it was found that decreasing charge density with increasing Ni content was 
due to slower kinetics, and not due an inherent property of the mixed films. 
This conclusion was made in paper IV, drawn from equivalent circuit analy-
sis, which is briefly described in chapter 7.2. Kinetic effects were also sug-
gested to be the reason for decreased charge density for the Ni-rich samples, 
investigated in paper V. 
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Figure 50: Charge density at cycle 20 for NixW1-x oxide thin films cycled in Li-PC at 
a scan rate of 10 mV/s. Red and black represent two different batches and x was 
found by XPS. 

The mixtures on the Ni-rich side were much more electrochemically irre-
versible than the mixtures on the W-rich side. The 1st cycle stands out, espe-
cially for the Ni-rich samples. It has been suggested that the irreversible 
behavior in Li electrolytes is due to Li being trapped in the thin film, form-
ing LiNiO [78] or Li oxides [84,152]. In paper V the 1st and the 20th volt-
ammograms for a number of different W-containing Ni oxides are presented. 
Figure 51 shows stability in terms of reversible charge insertion/extraction, 
the value 1 being significant to full reversibility. The stability was calculated 
by comparing the charge density at different cycles and was hence only cal-
culated for the films where charge was inserted and extracted. The charge 
density at cycle 20 was divided by the charge density at cycle 2, which indi-
cated how stable the first cycles were. Charge at cycle 20 was also divided 
by charge at cycle 10 to give a picture of the reversibility after some cycles. 
As can be seen, the W-rich films were quite stable even after 2 cycles and 
after 10 cycles fully reversible. The Ni-rich films, on the other hand, were 
quite unstable, as shown in Figure 51. Paper V presents the charge density 
for each cycle for a number of compositions for the Ni-rich films. 
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Figure 51: Reversibility calculated by comparing the charge density at different 
cycles. Red and black represent two different batches x was found by XPS. 

In Figure 51 some data for x ~ 0.4 are not shown. The reason for this is that 
these composites displayed a special behavior. This behavior is presented in 
Figure 52 where one can see that the charge density had a sharp increase 
after a few cycles and then stabilized. However, the inserted and extracted 
charge did not always result in an optical change. For x = 0.38 the thin film 
was optically passive, but for x = 0.39 a difference of 5 to 10 % transmit-
tance could be observed between colored and bleached states after the charge 
density had stabilized. The cyclic voltammograms of these samples, in Fig-
ure 53, show that some chemical reaction took place. These kinds of loops in 
a CV have been addressed to surface reactions involving the formation of a 
thin layer at the surface of the sample [41].  
 
The behavior of the charge density in Figure 52 indicates that a surface layer 
was formed, from which, after a few cycles, charge could be reversibly in-
serted and extracted. As mentioned in chapter 9.1, this was a suggested sce-
nario for the behavior of ITO upon electrochemical cycling in Li-PC [85]. 
For the Ni0.4W0.6 oxide sample this formed layer did not always have electro-
chromic properties though and the reason for this phenomenon is not known. 
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Figure 52: Charge density for inserted and extracted charge for two different NixW1-x 
oxides cycled in Li-PC and at a speed of 10 mV/s. EC stands for electrochromic. x 
was found by XPS.  

 
Figure 53: Cyclic voltammogram for two NixW1-x oxide samples with x close to 0.4, 
cycled in Li-PC at a scan rate of 10 mV/s. EC stands for electrochromic. x was 
found by XPS. 
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9.4.8 Optical properties  
This section presents results on optical response upon electrochemical cy-
cling. Transmittance and reflectance were measured and absorption coeffi-
cients and coloration efficiency (CE) were calculated by equations (8) and 
(10), respectively, in chapter 3.2.  
 
In Figure 54 the reflectance and transmittance are presented for the bleached 
and for the colored states, at a wavelength of 550 nm. As can be seen, the 
reflectance was quite unaffected by the electrochemical cycling. On the Ni-
rich side (x > 0.50) no change could be seen between bleached and colored 
states and on the W-rich side (x < 0.50) only a small difference could be 
observed. The difference between transmittance in the colored and bleached 
states was considerably better for the W-rich samples, which was expected 
when using Li-PC as electrolyte. The optical modulations of the Ni-rich 
samples were only about 15 % and for the W-rich films about 45 %, at a 
wavelength of 550 nm.  

 
Figure 54: Transmittance (T) and reflectance (R) at a wavelength of 550 nm, for 
different NixW1-x oxides. Red and black represent two different batches and x was 
found by XPS. 
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Nevertheless, W addition resulted in more transparent films, compared to 
pure Ni oxide. This can be seen in Figure 55 where the absorption coeffi-
cients, at 550 nm wavelength, for the bleached and colored states are pre-
sented, together with the CE in the inset. The transparency of the Ni-rich 
samples was enhanced by W addition for wavelengths above 400 nm.  

 
The inset in Figure 55 presents the CE. A small discrepancy was observed in 
the calculated values for the CE where the two different batches met up at 
x ~ 0.4. The explanation is that these samples displayed the special behav-
iour described earlier, where the inserted charge sometimes gave rise to an 
optical change and sometimes not. Figure 55 shows that the CE on the W-
rich side was enhanced when Ni was added. An optimum was found for 
films with x = 0.10 - 0.15. As mentioned in chapter 9.4.7, the diffusion coef-
ficient was lower for this sample than for the W oxide. This was found to be 
due to slower kinetics and not due to a material property. An increase in CE 
should hence be due to the mixed film possessing a material property with 
higher ability for optical activity. As mentioned, the optical modulation of 
the Ni-rich films in Li-PC was very low. The CE, on the other hand, was 
quite high. As reported in paper I, it was even higher than when using the 
more common KOH electrolyte. 

 
Figure 55: Absorption coefficient at the colored (full) and bleached states (empty), 
and coloration efficiency at a wavelength of 550 nm (inset), for different NixW1-x 
oxides. Red and black represent two different batches and x was found by XPS. 

  



 97

However, for wavelength below 400 nm the absorption for the W containing 
Ni oxides was higher than for the pure Ni oxide. Strong absorption at short 
wavelengths may be due to interband absorption, or due to transitions be-
tween band tails and the conduction band [37], as was described in chapter 
2.1. The band gap of the present Ni oxide films was found to be 3.96 eV [33] 
and recent band structure calculations found the band gap of NiWO4 to be 
3.7 eV [93]. These correspond to a wavelength of 310 and 335 nm, respec-
tively. For the present films the strong absorption for x = 0 happened for 
wavelengths between 350 and 400 nm, and for longer wavelength as W was 
added. This indicates that the absorption was due to transitions between the 
band tail and the conduction band. Increased band tail absorption upon W 
addition was expected since the addition of W to the Ni oxide resulted in an 
increased disorder, as observed by XRD in Figure 44. 
 
Figure 56 shows the CE between 300 and 2500 nm for some of the mixtures. 
In the visible the CE was enhanced both on the Ni- and on the W-rich side 
upon W and Ni addition, respectively. In addition, an interesting peak in NIR 
was seen for the amorphous Ni-rich films. In Figure 56 this is shown for a 
film with x = 0.84. Ni oxide films have a Fermi level positioned at localized 
states in the valence band and an increased absorption is the result of charge 
extraction. This peak might hence be attributed to hole-polaron absorption, 
similar to the electron-polaron absorption occurring in nanocrystalline WO3 

[153,154]. The conclusion is hence that the addition of W increases the elec-
tron-phonon coupling. 

 
Figure 56:  Coloration efficiency for one pure W oxide (x = 0), one pure Ni oxide 
(x = 1) and two mixed NixW1-x oxides. x was found by XPS. 
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10 Summary 

10.1 Conclusions 
The feasibility study, investigating the compatibility with three different 
electrolytes, came to the conclusion that Li-PC was a suitable electrolyte to 
use when investigating the electrochromic properties of mixed Ni-W oxides. 
It is compatible with W oxide, Ni oxide (paper I), as well as with the ITO. A 
good potential range was found to be 2 to 4 V vs. Li. The Ni oxide films 
showed very modest electrochromic activity in Li-PC. The transmittance 
modulation was, however, improved if the as-deposited films were colored 
instead of bleached.  
 
The films with high Ni content, i.e. 0.85 < x < 1, were polycrystalline and 
the rest of the compositions were X-ray amorphous. Moreover, results show 
that if x < 0.5, the thin film consisted of a mixture of W oxides and NiWO4 
(paper II and paper III). For the Ni-rich samples, x > 0.5 no strong evidence 
was found, but a clear transformation from one Ni oxide phase to another 
could be observed which points towards the presence of NiWO4. The con-
clusion was that these films probably consisted of a mixture of hydrated Ni 
oxide and NiWO4, i.e. no W oxide (paper V). 
 
The current deposition parameters resulted in bleached and absorbing films 
when x < 0.5 and x > 0.5, respectively. However, the Ni-rich films displayed 
a spontaneous bleaching process which might be attributed to dark NiOOH 
transforming into bleached NiO. It was observed that the hydrous character 
had a large impact on the electrochromic properties of Ni oxide.  In paper VI 
it was found that the addition of water in the sputter process led to an amor-
phous state of the Ni oxide, and that the optical modulation was enhanced in 
KOH. It was suggested that the hydrous character was the reason for the 
increased charge transfer. These films showed, however, no electrochromic 
activity in Li-PC. Moreover, the spontaneous bleaching of the Ni-rich films, 
x > 0.5, was presumably attributed to the loss of hydrous character. The con-
clusion was that the amount of NiOOH in the film decides the electro-
chromic performance even though the films are electrochemically cycled in 
the non-aqueous Li-PC electrolyte.  
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When examining the electrochromic properties of the mixed films it was 
concluded that the mixed Ni-W oxides could be divided into four groups 
(papers IV and V); those that behaved as W oxide, i.e. colored upon Li inser-
tion, and those that behaved as Ni oxide, i.e. bleached upon Li insertion. 
Between those two different electrochromic behaviors, two other groups 
were observed. One group consisted of those that displayed no electro-
chromic properties, and in the other group a special kind of behavior was 
seen. This special behavior was represented by the fact that charge was in-
serted and extracted, but no optical change was seen. In Figure 57 a sum-
mary is visualized as a graph where those four groups are presented together 
with the charge density and optical modulation as a function of x.  
 
As can be seen in Figure 57, the samples with high W content work very 
well in Li-PC, and displayed good optical modulation. However, the contrast 
between bleached and dark states was very moderate on the Ni-rich side, 
with a maximum of about 15 %. The charge density decreased upon the ad-
dition of W- on the Ni-rich side, and vice versa. The decrease on the W-rich 
side was found to be due to slower kinetics by examining the diffusion coef-
ficient. On the Ni-rich the reason is not clear, but might also be a kinetic 
effect. It was also observed that the non-electrochromic behavior for films 
with x ~ 0.50 was related to a high open circuit potential, in relation to the 
electrochromic films. Regarding the electrochromic properties in Li-PC, it 
was concluded that a Ni addition to W oxide improved the coloration effi-
ciency. The advantage of W addition to Ni was instead found to be the high-
er transparency at the bleached state for wavelengths of 400 nm up to near 
infrared. Moreover, even though charge density and optical modulation of Ni 
oxide was low in Li-PC, the coloration efficiency was higher than when 
electrochemically cycled in the more common electrolyte KOH.   
 
The results on the Ni-W oxide system found in the present work will hope-
fully facilitate further studies on these composites and contribute to the un-
derstanding of their electrochromic properties. The following chapter gives 
some suggestions on further investigations that could be carried out in order 
to continue the basic research.  
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Figure 57: This figure shows that the different NixW1-x oxides can be divided into 
four groups with different properties. x was found by XPS. The upper graph shows 
the transmittance difference between colored and bleached states at a wavelength of 
550 nm. The lower graph shows the charge density at cycle 20 for films cycled be-
tween 2 and 4 V vs. Li in Li-PC and at a scan rate of 10 mV/s. Red and black  repre-
sent two different batches. 

10.2 Suggestions for future work 
In this work only one sputtering parameter was varied when the mixed films 
were deposited and that was the power ratio between the Ni and W metal 
targets. It would be interesting to elaborate further the sputtering parameters, 
such as the pressure, power and flow of oxygen, hydrogen and/or water va-
pour, to optimize properties. In addition, as observed by others, incorporat-
ing lithium during the deposition seems to be a good idea if the mixed films 
are to be further investigated in a lithium electrolyte [86-91].  
 
Very little research has been carried out on electrochromic Ni oxide thin 
films in Li-PC and I think more investigations should be done. Li-PC is easy 
to use, it is compatible with W oxide, which makes it possible to investigate 
the properties of “liquid devices” consisting of two electrochromic films and 
a liquid electrolyte, as in paper I. By using Li-PC it would also be possible to 
examine the impact of only the Li ions without distraction from water, pro-
tons and hydroxides.  
 
The introduction of water vapor to the sputtering gas resulted in Ni oxide 
thin films with very good electrochromic properties in KOH, but not in Li-
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PC. The reason to this is not clear and it would be interesting to further in-
vestigate how different hydrous Ni oxides respond to Li intercalation.  

 
Since the electrochromic properties depend on the band structure it would be 
interesting to do investigations on the density of states, especially close to 
the Fermi level since this is crucial for the coloring and bleaching of the thin 
films. The density of states can be found by chronopotentiometry. In 
chronopotentiometry the current is kept constant and the potential is record-
ed vs. time or vs. the amount of charge passing through the working elec-
trode. With this kind of measurement one can determine for what potentials 
the intercalation occurs and hence examine the density of states. This tech-
nique seems to work well with disordered materials [155].  
 
Further research should be done on the compositions around x = 0.40 that 
exhibited the special behavior of being able to intercalate charge, but without 
an optical change. One application could be to incorporate optically inactive 
electrodes in a smart window. It would be interesting to find out why charge 
suddenly start to be inserted after some cycles, and why these compositions 
sometimes displayed an optical change, and sometimes not. 

 
Paper II and paper V could be followed up by X-ray absorption spectroscopy 
(XAS) measurements to further verify the results on the local atomic bond-
ing of the mixed films. In addition, XAS together with XES can give infor-
mation on both valence and conduction bands [156]. 
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11 Sammanfattning på svenska 

Den svenska titeln på denna avhandling är ”Elektrokromism i nickel-volfram 
oxider: strukturell, elektrokemisk och optisk karakterisering av sputter-
deponerade tunna filmer i hela sammansättningsområdet”. Nedan följer en 
beskrivning av vad elektromism är för något, och hur elektrokroma material 
kan användas, tillverkas och analyseras. Avslutningsvis kommer några av de 
viktigaste resultaten och slutsatserna att presenteras. 

11.1 Introduktion 
Vi är nog alla överens om att vi behöver spara energi. Samtidigt vill nog de 
flesta av oss inte avstå från bekvämligheter vi har vant oss vid. Ett exempel 
är fönster som är en stor energibov, men vi vill förstås inte bo och arbeta i 
byggnader utan fönster. Den enkla lösningen på problemet är då mer energi-
effektiva fönster som behåller värmen inne på vintern och stänger ute den på 
sommaren så att vi slipper förlora energi på onödig uppvärmning på vintern 
och energi till kylanläggningar på sommaren. Mer energieffektiva fönster 
kan fås genom att lägga till extra glas eller belägga glasen med tunna filmer 
med olika egenskaper som gör att energin stannar där vi vill ha den. Om 
dessutom egenskaperna kan ändras beroende på förutsättningarna kallas det 
smarta fönster. Ett smart fönster ändrar genomskinlighet genom att man 
applicerar en liten spänning (ca 1 V) på det och det fungerar ungefär som ett 
batteri och består av flera skikt med olika funktioner.  
 
I den här doktorandstudien har en av komponenterna i ett smart fönster un-
dersökts, nämligen den komponenten som ändrar färg. Den består av en tunn 
film av en metalloxid som har elektrokroma egenskaper. Det kan jämföras 
med fotokroma glasögon som är relativt vanliga och som blir mörka som 
solglasögon när man utsätter dom för solljus. Elektrokroma skikt däremot 
triggas av laddningar istället för ljus. Detta betyder att det är användaren och 
inte solen som bestämmer när och hur mycket skiktet ska absorbera. Ett 
smart fönster består vanligtvis av två elektrokroma tunna skikt med motsatt 
färgbeteende, dvs. ett skikt som absorberar då laddningar interkaleras (kato-
diska) och ett annat som absorberar då laddningar extraheras (anodiska). 
Mellan dessa finns ett skikt som innehåller joner och på var sida finns en 
transparent ledare som gör att man kan lägga på en spänning på fönstret. 
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Vanligtvis hittas dessa skikt mellan två glasskivor, men det är också möjligt 
att använda plast. Figur 1 visar ett smart fönster i genomskärning. 

 
 
Figur 1: En schematisk bild av ett smart fönster i genomskärning. 

Än så länge finns det få kommersiella produkter på marknaden som använ-
der elektrokroma material, men några exempel finns. Några företag tillverkar 
elektrokrom smarta fönster till byggnader, flygplan och bilar [10-16], men 
också bländningsfria backspeglar [17,18] och elektrokroma displayer [19, 
20] finns. Det är fortfarande en relativt dyr teknik och hållbarheten kan ofta 
vara ett problem. Mycket forskning är fokuserad på nya blandningar av 
elektrokroma material och visionen är hållbara, billiga fönster med bra op-
tisk modulation och låg energiförbrukning. Det här arbetet har gått ut på att 
tillverka nya blandningar av elektrokroma material, nämligen nickel-och 
volframoxid. Förhoppningsvis kommer resultaten att kunna bidra till uppfyl-
landet av denna vision. Mitt arbete har inte bara fokuserat på en förbättring 
av elektrokroma egenskaper, men också på att undersöka och förstå nickel-
volframoxid-systemet och vad som egentligen händer på gränsen mellan 
anodiskt och katodiskt beteende. Anodisk och katodisk refererar till vilken 
polaritet den elektrokroma filmen har då den färgas. Nickeloxid är anodisk 
och volframoxid är katodisk och dessa metalloxider är de mest kända 
elektrokroma materialen. Därför känns det spännande att detta arbete görs på 
just dessa material. Det har gjorts väldigt lite forskning på blandningar av 
nickel-volframoxid. Tidigare arbeten har dock sett att hållbarheten kan för-
bättras för volframoxid i en viss typ av elektrolyt om man dopar med nickel. 
Även jondiffusionen hos nickeloxid ökar om man dopar med volfram.  
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11.2 Fysiken bakom elektrokromism 
De optiska egenskaperna hos ett material bestäms av hur energibandstruk-
turen är uppbyggd hos det materialet. Energibanden beskriver vilka energier 
som elektronerna kan ha och bestäms genom kvantmekaniska beräkningar. 
De energier som inte är tillåtna karakteriseras av ett bandgap. Om det inte 
finns något bandgap kan alltså elektronerna röra sig fritt i material. Ljus 
absorberas därför lätt eftersom elektronerna kan exciteras mellan många 
olika energitillstånd, och detta kallas intraband-absorption. Om det däremot 
finns ett bandgap beror storleken på detta bandgap om ljus kan absorberas 
eller inte. För att det ska absorberas måste det ha lika mycket energi som 
krävs för elektronen att exciteras över bandgapet, detta kallas interband-
absorption. UV ljus har hög energi och absorberas därför lätt, synligt ljus har 
lägre energi. De elektrokroma materialen fungerar så att man genom att in-
terkalera och extrahera elektroner fyller upp och tömmer band på elektroner. 
Beroende på fyllnadsgrad har elektroner lättare eller svårare att exciteras och 
de optiska egenskaperna förändras. Genom att blanda olika material så för-
ändras bandstrukturen och därmed även de elektriska och optiska egenskap-
erna.  

11.3 Tillverkning och karakterisering  
De tunna elektrokroma filmerna tillverkades med reaktiv magnetron sputt-
ring. Sputtring går ut på att man med hjälp av accelererande argonjoner 
sprätter loss metallatomer från en metallbit, i detta fall Ni och W. Detta sker 
i en vakuumkammare och metallatomerna får sedan reagera med, till exem-
pel, syrgas som släpps in i kammaren och tillsammans med metallatomerna 
bildar en metalloxid på ett substrat. Substratet var vanligtvis en glasbit på ca 
5*5 cm2 som var belagd med den transparenta ledaren ITO. 
 
Efter deponering undersöktes de tunna filmerna med olika tekniker för att ta 
reda på tjocklek, densitet, kristallstruktur, nanostruktur, komposition, och 
förstås de elektrokroma egenskaperna, dvs. laddningskapacitet och optiska 
egenskaper. En profilometer bestämde tjockleken och från röntgen diffrakt-
ion (XRD) kunde den kristallina strukturen bestämmas. Komposition och 
atombindningar hittades med Rutherford bakåtspridnings-spektroskopi 
(RBS), röntgen-fotoelektron-spektroskopi (XPS), Raman spektroskopi och 
Fourier transform infrared spektroskopi (FTIR). Möjliga nanostrukturer un-
dersöktes också med ellipsometri och effektiv medium teori. Joner och ladd-
ningar interkalerades med cyklisk voltammetri (CV) och diffusionskoeffi-
center bestämdes med impedans spektroskopi (IS). Den elektrolyt som an-
vändes vid de elektrokemiska mätningarna var en icke vattenbaserad litium 
elektrolyt (Li-PC). Anledningen till att den användes var att en förstudie 
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(artikel I) visade att den var kompabitel med både nickeloxid och vol-
framoxid. Väldigt få tidigare arbeten har använt sig av Li-PC tillsammans 
med nickeloxid och den optiska modulation hos nickeloxid som man kan 
uppnå i den elektrolyten är tyvärr väldigt liten. De optiska egenskaperna 
undersöktes med spektrofotometri och ellipsometri.  

11.4 Resultat och slutsatser  
Resultat från den strukturella undersökningen av de blandade NixW1-x oxi-
derna visade såklart att egenskaperna varierade mycket beroende på bland-
ningen. Kort kan man säga att de filmer som innehöll mycket W (x < 0.50) 
hade relativt hög densitet, var amorfa, transparenta, överstökiometriska, och 
bestod av en blandning av W oxid och NiWO4 - faser. De Ni-rika filmerna 
(x > 0.50) hade lägre densitet, var polykristallina, absorberande, överstö-
kiometriska, och förmodligen en blandning av hydratiserat Ni oxid och 
NiWO4 - faser. 
 
De optiska och elektrokemiska mätningarna fann att man kunde dela in alla 
blandningar i fyra olika grupper, vilket är illustrerat i figur 2. De filmer som 
innehöll mycket Ni betedde sig anodiskt och de som innehöll mycket W var 
katodiska. Mellan dessa två fanns en grupp runt x ~ 0.50 som inte var 
elektrokroma, dvs. ingen laddning gick in och ingen färgförändring syntes. 
För en viss blandning, x = 0.40 noterades ett specialbeteende. Specialbeteen-
det var att det ibland gick in laddning, men att det ändå inte syntes någon 
färgförändring. En möjlig applikation för denna typ av beteende vore en 
optiskt passiv elektrod i ett smart fönster.  

 
Figur 2 visar också att för de W-rika filmerna var skillnaden mellan tran-
smittansen i det mörka och ljusa tillståndet stort, dvs. ungefär 45 %. För de 
Ni-rika filmerna däremot var både skillnaden i transmittans samt laddnings-
kapaciteten liten. Fördelen med att tillsätta Ni till W oxid visade sig dock 
vara att transmittansen i det bleka tillståndets förhöjdes. Det bleka tillståndet 
för Ni oxid är ofta lite gulfärgat och det visade sig alltså att man kan bli av 
med detta med hjälp av att tillsätta W. På den W-rika sidan var fördelen med 
att tillsätta Ni att färgningskapaciteten förbättrades. Färgningskapaciteten 
beskriver hur effektiva laddningarna är på att ändra färgen på det elektro-
kroma materialet.  
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Figur 2: Laddningskapacitet (Q) och skillnaden mellan transmittansen för det mörka 
och ljusa tillståndet (ΔT) för en våglängd på 550 nm (synligt ljus) hos olika NixW1-x 
oxider. Rött och svart representerar prover som är tillverkade vid två olika om-
gångar.  
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