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A Total Absorbance 
a Lattice parameter or integration limit 
B Energy width 
b Integration limit 
ci/j Speed of light (in media i/j, no index - vacuum/~air) 
D Constant 
D´ Numerical factor 
d Thickness of a film or plate 
E0 Energy ground state 
Ea Optical activation energy 
Eg Band edge energy 
Epeak Peak energy 
e Electron charge 
f( ), f( ´) Fermi-Dirac distributions of localized energy levels  and 

´. 
g Coordination number 
H( ) Measured reflectance, transmittance, absorptance or emit-

tance of a device. 
H  Average optical property of H( ).
I Intensity 
I0, IA, IR, IT Total intensity of the incident, absorbed, reflective and 

transmitted beam respectively. 
IT, 0 Intensity of the transmitted beam before absorption. 
J Overlap integral 
k Extinction coefficient 
Li(+) Lithium ion 
m (Index) Serial number of substoichiometric phases 
m Electron mass 
N Complex refractive index 
N(EF) Density of states near the Fermi level 
N  Total number of electron states 
n Electron density 
ni/j Refractive index, real part, (in media i/j) 
nx Number of electrons 
O Oxygen ion 
P Relative number of states. 
Pt Relative number of electron transitions. 
p (Index) p polarized radiation 
p( ), p( ´) Distribution functions of localized energy levels  and ´. 
Q Charge 

Q Charge difference 
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q Configurational coordinate 
R Total Reflectance 
R0 Incident Reflectance 
Rf, b

S. P Intensity reflectance from the front surface (f) or back sur-
face (b) for s or p polarized light. 

R  Resistance 
R285 K Resistance near room temperature 
ri, j

S, P Fresnel coefficient for reflectance at the boundary between 
layer i and j for polarized light. 

T Total Transmittance 
Tt Temperature 
Tt, 0 Temperature parameter 
Tf, b

S, P Intensity reflectance from the front surface (f) or back sur-
face (b) for s or p polarized light 

ti, j
S, P Fresnel coefficient for transmittance at the boundary be-

tween layer i and j for polarized light. 
V0 Potential energy range 
V0, +, 2+ Oxygen vacancies of neutral, singly or doubly charged type. 
Wi/k Tungsten ion at site i/k 
x Lithium/Tungsten ratio, mathematical constant or unknown. 
y Oxygen/Tungsten ratio 
z Distance for a propagated wave. 

Greek

 Absorption coefficient 
(0) Absorption coefficient prefacktor 

 Optical absorption per electron. 
max Absorption coefficient at maximum (in theory). 
 Specification of an optical property. 
 Wavelength phase change 
 Complex dielectric function 
0 Permittivity 
F Fermi level 
i/j Dielectric permittivity (in media i/j) 
 Half integer 
i/j Angle of incidence (in media i/j) 
, ´ Localized energy levels 
 Wavelength 
 Change in Fermi level energy 
i/j Magnetic permittivity (in media i/j) 
 Polaron hopping rate 
 Density 
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 Absorption width 
~  Complex conductivity 

0 Direct current conductivity (Prefactor) 
DC Direct current conductivity 
 Relaxation time 
 Size of polaron distortion 
-1 Spatial extent of polaron wavefunction 
 Spectral source function 
 Angular frequency 
0 Phonon angular frequency 
LO Angular frequency of longitudinal optical phonons.
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AC Alternating Current 
a-W oxide Amorphous tungsten oxide 
BSP Bound Small Polarons 
CE Coloration Efficiency 
CV Cyclic Voltammetry 
CVD Chemical Vapor Deposition 
DC Direct Current 
DOS Electron Density of states 
ECO Electro 
EPR Electron Paramagnetic Resonans 
ERDA/ERD Elastic Recoil Detection Analysis 
EXAFS Extended X-ray Absorption Fine Structure 
FSP Free Small Polarons 
GITT Galvanostatic Intermittent Titration Technique 
GPES General Purpose Electrochemical System  
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LO Longitudinal Optical 
M Molar 
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NRA Nuclear reaction analysis 
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UV Ultra Violett 
VIS Visible 
VRH Variable Range Hopping 
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1. Introduction 

Some materials can modify their optical properties if a potential is applied 
across them. This ability is defined as electrochromism. Inorganic tungsten 
oxide, that is a very good electochromic material, can be used in optical de-
vices from simple windows to controlled thermal emittance satellites. 

This thesis is mainly about the optical absorption, but also about the elec-
trical properties, that are modified when lithium ions and free electrons are 
injected into a thin film of amorphous tungsten oxide. 

The introduction is divided into  
(1.1) where electrochromism is described, 
(1.2) where descriptions of some devices are given, 
(1.3) where there are some examples of applications.

1.1 Electrochromism

This work is focused on electrochromic materials that have special optical 
properties in the visible region. These have the ability to variably, controlla-
bly and reversibly change their color from a nearly or fully dark color to near 
or full transparency, with the help of an applied potential. The optical 
switching is easiest performed by insertion/extraction of electrons together 
with alkali ions such as H+, Li+, Na+ and K+, where small ions are best. There 
are two different kinds of electrochromic materials. Materials that color upon 
charge insertion are called cathodic. These are found in metal oxides of Ti, 
Nb, Mo, Ta, and W while metal oxides that color upon charge extraction are 
called anodic. Anodic coloration is found in oxides of Cr, Mn, Fe, Co, Ni, 
Rh, and Ir. Vanadium pentoxide displays both cathodic and anodic colora-
tion but in different wavelength ranges. Among the electrochromic materials 
tungsten oxide is the most studied. Highly disordered films of this oxide 
have very good optical properties and hence are frequently used in electro-
chromic devices. Nickel and iridium oxide are the most investigated among 
the anodic oxides. Although the materials require a small potential to change 
their chromatic properties, the potential can be turned off after they have 
reached the desired chromatic state and still maintaining this state [1].

In this work stoichiometric tungsten oxide is defined as WO3 although 
WO2 also exists. In a crystal both phases are made from WO6 building 
blocks, as illustrated in figure 1.1, where the tungsten ions are octahedrally 
surrounded by six oxygen ions and each oxygen is right between two tung-
sten ions. In the former oxide, which is transparent as a thin film, each oxy-
gen ion is shared by two blocks (corner shared) while in the latter oxide, 
which is brown as a thin film, each oxygen ion is shared by three blocks 
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(edge shared). The external ions that are responsible for the coloration travel 
through the relatively large tunnels between the WO6 blocks [1].

Figure 1.1 Tungsten oxide is constructed by WO6 blocks where each tungsten ion 
is octahedrally surrounded by six oxygen ions and between two tung-
sten ions there is one oxygen ion. The left side shows corner-shared 
oxygen ions (WO3) and the right side shows edge-shared oxygen 
(WO2).

An energy level diagram of the two oxides can be made as shown in figure 
1.2 [2]. It shows an oxygen valence band of 2s and 2p orbitals and a tungsten 
conduction band of 5d, 6s and 6p orbitals. For WO3 the 24 electronic states 
per WO3 unit are filled in the oxygen valence band. The Fermi level is in the 
bandgap since the oxide has the same number of valence electrons, i.e it has 
no conduction electrons. It is transparent in this state. The Fermi level moves 
upwards in the 5d orbitals of tungsten when external ions and electrons enter 
the oxide. This gives the oxide a blue color. The level moves downwards 
when the ions and electrons are removed and the state is transparent again. 
For WO2 the total 16 electronic states per formula unit are filled in the oxy-
gen valence band. The Fermi level is in the 5d conduction band of tungsten 
since the oxide has 2 more electrons per formula unit. It is dark in this state. 

An anodic oxide has an “opposite” behavior upon inter- deintercalation 
than a cathodic oxide like WO3, as mentioned above. For instance IrO2 can 
be described as having a WO2 configuration as shown in figure 1.2. The 
difference is that IrO2 has two more electrons per formula unit than WO2 but 
it is still dark as deposited. Upon insertion of ions and electrons the Fermi 
level moves close to the top of the t2g band. The Iridium oxide film is more 
transparent when this band is filled if the above band gap is wide enough but 
a contributing reason for the more transparent state is that transitions be-
tween pure t2g and eg states are partly forbidden. 

The number of incorporated ions can be close to the number of the metal 
atoms in the oxide under strong ion insertion. The process of inserting at-
oms, or ions with their charge compensating electrons, into a solid and re-
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moving them from the solid is called intercalation [3]. However, the process 
of extracting the species is instead, for convenience, called de-intercalation 
in this thesis. 

Figure 1.2 Schematic band diagram of WO3 (left) and WO2 (right). Tungsten (W) 
orbitals are at the top and oxygen (O) orbitals are at the bottom. Filled 
electronic states (at 0 K) are darkened and the Fermi levels are indi-
cated by the arrows.

1.2 Electrochromic devices 

A simple electrochromic window device consists of a transparent substrate 
such as glass or a transparent polymer foil that has the advantage to be light 
and bendable. The substrate should be coated with a good electrically con-
ducting and transparent film. This film serves as one of the electrodes. One 
of the best electronically conductive coatings is tin doped indium oxide, 
In2O3:Sn, also shortly denoted as ITO. Other common examples of coatings 
are fluorine doped tin oxide and aluminum doped zinc oxide while less 
common are cadmium oxide and titanium nitride [4]. On the ITO is deposited 
a thin film of an electrochromic oxide. The electrochromic oxide can be 
intercalated or “charged” with suitable ions during the deposition process. 
The device requires also an ion conductor that faces the electrochromic side, 
where the ability to store many ions is of advantage. Such a conductor could 
be a liquid or a polymer electrolyte. The liquid electrolyte is often used in 
laboratory work, while the polymer electrolyte would be more suitable in 
most devices. The electrolyte should then be connected to the counter elec-
trode and, for a device, sealed together with the electrochromic film. Ions 
and electrons will be inserted into or extracted from the electrochromic oxide 
and the oxide will become darker or brighter when a potential is applied 
between the two electrodes. The reverse process will appear when the polar-
ity is changed. 
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A more advanced window device, with better coloration and optical con-
trast, can be achieved by adding a complementary electrochromic electrode 
that is constructed in the same way as the one in the simple device. If the 
counter electrode is replaced by this complementary oxide, deposited on an 
ITO coated substrate then a five-layer electrochromic device is made with a 
cathodic and an anodic electrochromic material as described in figure 1.3. 

This device, called a smart window, is colored when ions are transported 
from the anodic to the cathodic EC film and bleached when the polarity is 
changed and the ions are transported in the other direction. 

1.3 Applications

A very important application that uses electrochromic materials is, as men-
tioned, windows. Electrochromic windows can reduce the energy for air-
conditioning used for cooling down buildings or vehicles during warm sea-
sons. This would lead to higher energy efficiency, lower energy consump-
tion and at the same time a comfortable indoor climate [5, 6]. Another aspect is 
that the window in the colored state can serve as a privacy shield from out-
side viewers. Some advantages of small windows with polymer substrates 
are that flexible and light constructions can be produced for instance in air-
crafts [7], sun roofs for cars [8], eyewears in ski goggles and visors in motor-
cycle helmets [9].

It is possible to transform the variable transmittance window to a variable 
reflectance mirror if a mirror is placed behind the device. In this way the 
reflected intensity can be varied through the electrochromic device. This 
application can be used for antidazzling rear-view mirrors for vehicles [10-13].

Information displays can be made if the mirror is replaced by a flexible 
patterned and diffusely scattering pigmented surface [14-16].

Crystalline tungsten oxide has the ability to make its surface thermally low 
emitting through infrared reflection after ion intercalation and high emitting 
by infrared absorption after ion deintercalation. This means that the thermal 

Figure 1.3 An electrochromic 
device – a smart 
window with an an-
odic and a cathodic 
electrochromic 
film. 
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emittance can be changed and the surface temperature controlled in such a 
device. A device that can control the surface temperature is important for 
instance in space vehicles like satellites [17] which could be exposed to strong 
temperature changes between sunlight and shadow. 
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2. Literature survey 

2.1 A history of electrochromism 

Materials that give various optical effects have been discovered since the 
19th century [1]. Tungsten trioxide, that has a yellow or green color in bulk 
form, has been found by the Swedish scientist Berzelius in 1815, to change 
color upon a hydrogen flow when the oxide is heated [18]. Some years later in 
1824 Wöhler could obtain a gold like color in tungsten oxide with added 
sodium [19]. This oxide is today known to have a crystalline structure. 

Also some research and attempts to describe and find an application for W 
oxide were performed during the first half of the 20th century, [1] but it was 
not until 1969 that interest grew when Deb published a paper on an electro-
photographic system [20]. This article was followed by a more extensive study 
on W oxide films [21]. However, it was some years before, in 1961, that the 
word electrochromism was introduced “…in analogy to thermochromism 
and photochromism, which describe changes of color produced by heat and 
light.” [22].

2.2 Properties of tungsten oxide 

2.2.1 Crystalline phases and substoichiometry

A starting-point to investigate the nature of an amorphous material is to 
study the corresponding crystalline structures. Single crystals of WO3 have 
in different temperature ranges the following structures: ( -WO3) tetragonal 
> 740 C [23-25]/ 722 C [26]/ 720 C [27]/ ~680 C [28] > ( -WO3) orthorhombic > 
480 C [23]/ 467 C [28]/ 330 C [25]/ 439-327 C [26]/ 320 C [27] > ( -WO3) mono-
clinic > 200 C [23]/ 10 C [29]/ 17 C [30] > ( -WO3) triclinic > -40 C [29-30] > ( -
WO3) monoclinic. A review of crystalline phases in WO3 was given by 
Labbe [31] and others [32, 33]. However there are reports of triclinic and mono-
clinic transition temperatures that vary with oxygen contents near 
stoichiometry [34].

The substoichiometric phases in crystalline tungsten oxides have a ten-
dency to form organized phases in the series WmO3m-1 and WmO3m-2 (m=1, 2, 
3,…) but there are also reports of slightly different phases like W18O49

[34]

and W40O116 
[1]. The color of crystalline tungsten oxide ranges from blue to 

grayish as described by figure 2.1 when the O/W ratio decreases from ~3.0 
[35]. The color and color changes in thin films at different compositions are 
much weaker than in the bulk form due to much smaller thickness, and 
hence smaller absorption. Sputtered amorphous WOy films have been found 
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to be transparent when y > 2.6, blue when 2.5 < y < 2.6 and metallic like 
when y < 2.5 [37].

2.2.2 Tungsten Bronzes

Ions can also be incorporated in crystalline W oxide. A collective name of 
these materials is Tungsten Bronzes.  

The hydrogen ion can be attached in the form of hydroxyl groups to the 
oxygen according to the notation WO3-x(OH)x

[38]. There have been reports of 
transitions from an orthorhombic phase [39] through tetragonal phases [40] to a 
cubic phase as the hydrogen content increases in the oxide by intercalation 
[41]. Lithium intercalation leads to a monoclinic phase at no or very small 
lithium content which gradually turns to a tetragonal phase at ~0.1 Li/W and 
then to a cubic phase [42], where the exact composition here depends on 
whether the oxide is intercalated or deintercalated [43]. Two slightly different 
tetragonal phases occur at different sodium contents in crystalline WO3 up to 
a concentration of ~0.4 Na/W where a cubic phase is formed [42]. Similar 
reports have found that Na-W-bronzes have a tetragonal structure at low Na 
content and that pseudo-cubic phases occur from around 0.28 Na/W [44].
Incorporation of K, Rb and Cs leads to a hexagonal phase at concentrations 
of around 0.28 while the tetragonal phase occurs for K contents between 0.4 
and 0.6 K/W [42]. The formation of a hexagonal structure has been reported 
when large cations like K+, Rb+, Cs+, In+ and Ti+ at concentrations of 15-20 
atom % react with crystalline W oxide [45].

2.2.3 Density, optical bandgap, refractive index and the conduc-
tion band – comparisons between crystalline and amor-
phous tungsten oxide 

Depending on the preparation and post-treatment sputtered amorphous tung-
sten oxide films can have different crystallization temperatures when an-
nealed. It has been reported that films are crystalline at temperatures around 
350-380 C [46-48] but lower crystallization temperatures are also possible [49].
For evaporated amorphous thin films of tungsten oxide the crystallization, in 
general, occurs gradually in the temperature region 370-400 C [1].

Figure 2.1 Color scale 
compared to the 
O/W ratio of the 
crystalline bulk 
WOy (from table 
after O. Glemser 
and H. Sauer). 
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It can be said, concerning the density of amorphous tungsten oxide, that it 
is lower than for crystalline WO3 in bulk form, which is around 7.16 g/cm3.
Hence substantial porosity and a considerable defect structure can be found 
in amorphous samples. 

As mentioned earlier the amorphous samples are assumed to have lower 
densities than crystalline ones. It has been found, for sputtered amorphous W 
oxide, from a compressed WO3 powder that the density can be around 6.1 
g/cm3 [50] and that it has been found to increase to 6.7 g/cm3 with decreasing 
sputter pressure [51].

Reports on crystalline tungsten oxide showed an optical bandgap of 3.55 
eV and a refractive index of 2.25-2.55 [49].

The optical bandgap was reported to be around 3.1 eV for amorphous 
films sputtered from a compressed powder target [51] at different sputter pres-
sures. However the bandgap for similar deposited films tends to decrease 
from 3.17 to 3.08 eV as the sputter oxygen gas flow increases. The refractive 
index of these films was around 2.2 [50]

. Approximately the same value was 
found for similar films [51].

The optical bandgap in reactively sputtered amorphous W oxide films, 
from a W target, have been reported to be around 3.1 eV [52], and the refrac-
tive index around 2.3-2.4 for good electrochromic films while poor electro-
chromic films (with higher oxygen gas flow) shows a slightly smaller band-
gap [53]. The relation of a decreased bandgap when the oxygen gas flow in-
creases has been confirmed and it has been found that the bandgap can de-
crease from 3.15 to 2.98 eV. Here the refractive indices were about the same 
2.40-2.45 [54]. The refractive index has been reported to be 2.2 also for high 
oxygen gas flows [55] and it seems that the refractive indices of films sput-
tered from W oxide powder [51] is roughly the same as for films sputtered 
from only a W target [55]. However, another thorough study of the refractive 
index in sputtered tungsten oxide films showed an index that was close to 
1.9 [56].

The optical bandgap has also been determined to be 3.25 eV for both 
evaporated amorphous W oxide [21] and for sputtered films [57].

Comparisons between sputtered W oxides of amorphous and crystalline 
samples have been performed that showed that the bandgap for amorphous 
films was ~3.2 eV and crystalline films ~2.9 eV [58, 59].

The conduction band, i.e. the band where the intercalated electrons are 
found, has been obtained from bandstructure calculations for monoclinic 
WO3 and compared with the experimental values of the “electrochemical 
density of states”, using equilibrium chronopotentiometry [60] and Gal-
vanostatic Intermittent Titration Technique (GITT). The experimental den-
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sity of states was found from the derivative of the number of intercalated 
ions (electrons) with respect to the steady state potential. Figure 2.2 shows 
the comparisons. 

0

1

2

3

4

5

6

0 0.5 1 1.5 2 2.5 3 3.5

Exp. Chr.pot. on a-WO
3

Calc. on monocl. WO
3

GITT on A-WO
2.89

GITT on a-WO
2.93

D
O

S 
 [e

- /e
V/

f.u
.]

Energy (eV)

Figure 2.2 Density of states obtained from bandstructure calculations (Calc.) for 
monoclinic WO3 and the electrochemical density of states for an amor-
phous W oxide film obtained from the chronopotentiometry method 
(Chr. pot.) and from the GITT method for a WO2.89 and a WO2.93 film, 
as a function of energy (After M. Strömme, R. Ahuja and G.A. Niklas-
son [60]).

It should be noted that the calculated values do not take into account spin 
degeneracy, and hence should be multiplied by two. However it can be seen 
that the experimental values and the calculated ones are proportional and that 
the features are in the same energy interval. 

To sum up the information it can be said that the density and the refractive 
index of amorphous films are lower, and the bandgap higher, than for crys-
talline ones. 

2.2.4 Electrical properties

Pure stoichiometric WO3 crystals have a conductivity of around 0.5 -1 cm-1

(0.65 -1 cm-1 [34] and 0.4 -1 cm-1 [61]). The logarithm of the electrical con-
ductivity of these crystals depends linearly on the inverse temperature below 
room temperature and it increases as the oxygen deficiency increases [62, 63].
The associated temperature dependent conductivity for stoichiometric crys-
tals changes abruptly between 0 and -50 C [61] which has been attributed to 
structural transformations [34]. Intercalation with the alkali ions Li, Na and K 
into crystalline WO3 gives a metallic conductivity that increases monotoni-
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cally and independent of the ion species once an ion/W value of around of 
0.2 is reached [64, 65]. Similar results, in particular with Na, have also been 
found to follow a continuous conductivity curve as the intercalation level 
increases [66-70]. The non-metal to metal transition at 0.2 ions/W value has 
been discussed [71] and the nature of this transition is probably [1] due to elec-
tron localization in a pseudogap between an impurity band and the conduc-
tion band of the W oxide [72, 73].

A metal to non-metal transition, as the stoichiometry increases, has also 
been found to be at WO2.90, where the metallic regime refers to the more 
oxygen deficient side, for crystalline compounds [62].

2.2.5 Infrared absorption 

In crystalline tungsten oxide films there are two well-defined longitudinal 
optical (LO) modes, one at 50 meV [74] and one at 123 meV [75]. Transverse 
optical modes were located at 85 and 102 meV [74].

For WO3 crystals there are some vibrational bands of the lattice that draw 
attention. From Raman spectra it can be found that there are bands at 717 (90 
meV) and 806 cm-1 (100 meV) that have been assigned to W-O stretching 
vibrations and bands at 271 (33 meV) and 327 cm-1 (40meV) that have been 
assigned to W-O bending vibrations [76]. The vibration frequencies at 720
and 330 cm-1 were found to be temperature dependent which was due to 
phase transformations [77].

Comparisons of W oxide crystal vibration spectra with amorphous ones 
showed that the peaks were much broader in the amorphous state and that a 
new peak, ascribed to asymmetric stretching vibration modes of terminal 
W=O bonds, appeared at 960 cm-1 (120 meV) [78]. It was found that two 
observed stretching modes at 120 meV and ~95meV, for amorphous films, 
could be represented by three overlapping Gaussian distributions [79].

Aging studies of water absorption due to exposure to air, by infrared- and 
Raman spectroscopies, have been performed on amorphous W oxide. It was 
concluded, that during water adsorption, W-O-H groups are produced with 
stretching and bending of strongly bound OH species. 

Infrared absorption bands were found at ~3200 (397meV) and ~1600 cm-1 

(200meV). The 3200 cm-1 band is induced by increased water adsorption due 
to aging. This increased aging leads to an increased amount of passive hy-
drogen charges (protons) in the film. During coloration this band is reduced 
which has been interpreted as a decomposition of adsorbed water [80] at the 
same time as OH groups are formed. The adsorbed water on the surface 
leads to H-O-H deformation (at 1650 cm-1) and OH stretching (at 3320 cm-1

[81, 82] modes. 
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The optical absorption peak at 0.71 eV in crystalline tungsten oxide has 
been attributed to small polarons with a phonon energy ( 0) of ~70 meV 
and an activation energy of ~175 meV [83]. It have been found in polycrystal-
line sputtered W oxide films that the absorption peak position is in good 
agreement to the large polaron theory [84].
Optical data for amorphous evaporated films, with a peak at around 1.1 eV, 
showed a good fit to the small polaron theory and gave a phonon energy of 
98 meV (W-O bound for LO phonons) and an activation energy of 275 meV 
[85].

2.3 Amorphous W oxide films

2.3.1 Deposition methods 

Among the physical film deposition methods available to produce tungsten 
oxide[1, 86] are vacuum-, reactive- and ion assisted evaporation and for the 
sputtering technique reactive and non-reactive sputtering. Another way is to 
use chemical film deposition methods like vapor, sol-gel, spray pyrolysis, 
decomposition reaction and thermal oxidation. Among the electrochemical 
techniques are electro- deposition and anodization. 

Briefly, in the evaporation methods, the film is produced by target vapori-
zation under heating in vacuum. By introducing ions like argon, to form a 
plasma in the system, the deposition rate can be increased. Films with a vari-
ety of compositions can be produced when a reactive gas like oxygen or 
nitrogen also is let into the evaporation chamber. These reactive gases can 
also be used in a sputtering system for the same reasons. A more detailed 
description of the sputter process is found in chapter 4. Experiments. 

In chemical vapor deposition (CVD) the substrate can be coated by letting 
a gas react on the surface at a certain temperature. There are some special 
techniques that can be used here, for instance, coating in atmospheric pres-
sure or in low pressures. The low pressure is necessary in plasma deposition 
to enhance the growth rate and allows deposition processes at much lower 
temperatures than in thermal CVD. The starting material in a sol-gel process 
is usually a liquid metal salt “sol” that after a spraying, spin- or dip coating 
technique transforms through hydrolysis or polymeration into a solid “gel” 
phase. After final heat treatment the film is formed [87]. The spray pyrolysis 
process is a technique where a solution is sprayed onto a hot substrate and 
then decomposes to yield the desired film [88]. The decomposition (pyrolysis) 
reaction is based on thermal decomposition of a compound to form the de-
sired solid. 

In electrodeposition a metallic or a metal oxide coating can be produced 
when a current is run between two electrodes in an electrolyte while in ano-
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dization a metallic anode is placed in a suitable electrolyte and when a cur-
rent is passed the anodic surface can be converted to an oxide. 

2.3.2 Stoichiometry 

Stoichiometric analyses have been performed on sputtered samples. Figure 
2.3 shows the O/W ratio as a function of different O2/Ar flow ratios for 
amorphous dc-sputtered samples [89]. The O and W ions in the film were 
detected by nuclear reaction analysis (NRA) while the H ions were detected 
with wavelength dispersive X-ray analysis (WDX). 

Figure 2.3. O/W ratio in as-deposited films as a function of the sputter gas flow 
ratio, O2/Ar. The vertical bar indicates the maximum experimental er-
ror. Filled circles ( ) denotes the total O/W ratio found by ion beam 
analysis while for the open circles (o), oxygen incorporated in water 
was subtracted from the oxygen found in the previous case. (After 
Stoltze et. al. [89])

Two kind of composition measurements are shown, one is with filled circles 
which denotes the total O/W ratio and the open circles denotes the O/W ratio 
which has been obtained by subtraction of the oxygen that was assumed to 
form water with the hydrogen. The diagram shows that the O/W ratio is 
weakly decreasing from slightly above to just below 3.0 as the sputter oxy-
gen flow decreases from a high value ~20 to 2 vol. %. A rapid decrease in 
the O content of the film is observed when the oxygen flow is more de-
creased. Similar results, but for the surface O/W ratio as a function of sputter 
oxygen gas flow for amorphous films, have also been reported [90-92].

Aging studies have also been performed on sputtered amorphous, 150 nm 
thick W oxide films. A film with an O/W ratio of 3.20 has, after a few days, 
become oxidized to an O/W ratio of 3.28. A somewhat thicker film gave 
roughly the same values [52].



13

2.3.3 Electrical conductivity

Electrical properties of evaporated and sputtered W oxide during intercala-
tion at different temperatures have been measured. It has been found that the 
dc conductivity at low temperatures (Tt<300 K) seems to obey the variable 
range hopping model (VRH), introduced by Mott [93], for evaporated amor-
phous films up to an intercalation level of 0.24-0.28 H/W, between 300 and 
15 K [94], for sputtered films [95] and for evaporated photochromically UV 
colored ones [96, 97]. The conductivity has an exponential Tt

-1/4 behavior in the 
VRH model and it is based on charge carrier hopping conductivity between 
randomly distributed localized electronic states. The model can be derived 
from percolation-theoretic arguments [98] where the lattice polarization is 
neglected. However it is also possible to derive a similar Tt

-1/4 relation by 
using lattice polarization for small polaron hopping in disordered systems [99, 

100]. It was also found that other exponents could occur depending on tem-
perature, if the polaron hopping was correlated or not and whether the effects 
from the density of states were strong or not. 

The density of states at the Fermi energy N(EF) can be obtained from the 
VRH model and it ranges from 3.(3) 1019 eV-1cm-3 for a fully bleached to 
8.7 1019 eV-1cm-3 for a very strong colored state [96]. Values of N(EF) around 
5 1019 eV-1cm-3 [21] and 5 1020 eV-1cm-3 [101] have been estimated. It has been 
found that an insulator-to-metal transition for HxWO3 occurs at x=0.32 [94]

(which is very close to the value predicted by the percolation theory [98].) On 
the other hand the conductivity of evaporated a-W oxide films have been 
reported to obey an Arrhenius exponential -E /kBTt behavior, where E  is a 
conduction activation energy, between room temperature and ~130 C [21],
and after annealing to 300 C [37].

2.3.4 Optical properties

The energy of the optical absorption peak is positioned at around 1.3 eV 
independent of the coloration process of the film for instance by UV irradia-
tion in presence of different gases, thermocoloration after annealing, direct 
electrocoloration with usually two Au electrodes, coloration by H+ from a 
liquid, ion or electron beam coloration and electrochromic coloration [1].
However reports found from evaporated [102] and sputtered [103] films have 
concluded that the position of the peak depends on the annealing tempera-
ture. Annealing of amorphous W oxide shifts the absorption peak remarka-
bly, from 1.4 to 0.7 eV, somewhere in the range 300 to 500 C [1, 37]. This 
shift has been suggested to be caused by a disappearance of short W=O 
bonds for the crystalline structures [104]. Films that undergo increasing inter-
calation with H+ exhibit also an absorption peak shift, but towards higher 
energies [105-106]. A similar tendency was found also for Li [107] and Na [108]

intercalation.
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2.4 Amorphous W oxide - defects

2.4.1 Oxygen vacancies

X-ray photoelectron spectroscopy is a valuable tool for the determination 
of charge transfer and oxidation states in solids. It has been suggested by 
Gerard and Deneuville [109] that transparent evaporated a-WO2.9 films contain 
W6+, W5+, W4+ and W0 where the latter is a tungsten metal state. Their inter-
pretation of the XPS analysis gave the conclusion that color arises not only 
from the existence of W5+ but also from the occurrence of W4+. They found a 
virgin blue color around a critical composition in the range WO2.5 to WO2.6
[37]. It has been confirmed that a-W oxide is transparent in the range WO2.69
to WO2.98

[91].
The electrochromic coloration efficiency in Li intercalated sputtered a-

WO3-y films increases as the oxygen deficiency increases from a nearly 
stoichiometric composition (y = 0.02) where it has been claimed that it is not 
possible to color the film [91, 21] not even after heating at 300 C [20]. This 
means that it requires a threshold concentration in the oxygen deficiency to 
color amorphous electrochromic films. It has been suggested that optically 
inactive or passive W5+ - W5+ pairs occur mostly near a stoichiometric com-
position in oxygen deficient films and that films with less oxygen have more 
optically active “isolated” W5+ sites. The films are blue as-deposited when 
there is a sufficient number of “isolated” W5+ sites [110]. The state where the 
film could not be colored has not been found in the present work. 

Oxygen vacancies are most common in substoichiometric tungsten oxide 
and it has been suggested that there are three different types: neutral (V0),
singly charged (V+) and doubly charged vacancies (V2+) [111]. Neutral vacan-
cies have an electron concentration similar to that of a stoichiometric com-
pound, singly charged vacancies have a reduced electron charge with respect 
to the oxygen ion that is similar to an electron hole and a double charged 
vacancy have two holes. A number of charge transfer mechanisms can now 
be taken into considerations. 

A neutral vacancy can be transformed to a singly charged oxygen vacancy 
by transferring one electron to a neighboring and more energy favorable 
tungsten ion. The charged tungsten ion can in its turn, be activated by a pho-
ton to transfer its excess electron to another tungsten ion and thereby start an 
absorption process. 

A neutral vacancy can be transformed to a doubly charged vacancy by 
transferring two electrons to neighboring tungsten ions. There are two possi-
bilities to transfer two electrons to neighboring tungsten sites. One possibil-
ity is to transfer both to the same tungsten ion. The W ion, W6+, would be-
come a W4+ ion after the transfer. However the W4+ ion appears to be ener-
getically unfavorable in WO3

[112], but they seem to exist below an O/W ratio 
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of 2.6 [89]. Another possibility is to transfer each of the two electrons to sepa-
rate tungsten neighbors. This distribution of charge would be energetically 
more favorable. Since there is strong electron-phonon interaction in tungsten 
oxide, structural rearrangements are easily performed. The two charged 
tungsten ions can then move closer together and form a (W5+-W5+) complex. 

2.4.2 Interstitials

Oxygen interstitials, that is an excess of oxygen, can be found in a tung-
sten oxide film. These may also be neutral, singly or doubly ionized with no 
or with an excess of trapping electrons. During intercalation of lithium ions 
(or H+) a reaction of lithium with interstitial oxygen probably occurs. The 
low coloration efficiency for over oxidized films may be explained by for-
mation of Li2O [111].
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3. Theoretical considerations 

This chapter briefly describes the 
(3.1) optical absorption in general.
It gives a short review on 
(3.2) disordered systems and localization

(3.2.1) where order and disorder are compared and where 
(3.2.2) localization is considered 

which leads to the importance of 
(3.2.3) the density of states (DOS) for electrons in localized 

states and 
(3.2.4) in band tails (Urbach tails).

This overview is helpful for the understanding of the 
(3.3) optical absorption mechanisms.

3.1 Optical absorption in general 

Optical measurements on matter using electromagnetic radiation are easi-
est performed by detecting the outgoing radiation intensities from the sam-
ple. These intensities are the reflectance and the transmittance, which both 
can be diffuse or specular. All these properties are often measured in frac-
tions of the incoming intensity and depend on the wavelength ( ), or alterna-
tively the frequency ( ). The intensity ratio contributions of the reflectance 
(R), transmittance (T) and absorptance (A) at each wavelength are, accord-
ing to energy conservation, equal to unity [113]:

 1 = R( ) + A( ) + T( ), (3.1) 
where

R( ) = IR/I0, T( ) = IT/I0, A( ) = IA/I0. (3.2a, b and c) 

I0 [W/m2] is here the total incident intensity while IR, IT and IA are the total 
intensities of the reflected, transmitted and absorbed radiation respectively. 
The absorptance in relation 3.1 also gives the spectral emittance. These 
properties are equal when the medium is in thermal equilibrium. 

This section introduces the optical absorption. The electromagnetic wave 
impinging on a material is first to be considered. Figure 3.1 illustrates the 
damping of the wave amplitude when the radiation propagates through an 
absorbing material. The absorption depends on the material properties (re-
fractive indices). A homogeneous and isotropic material has a refractive 
index, which is complex and depends here on the angular frequency: 
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N( ) = n( ) + ik( ) (3.3) 

Here n is the wave propagation velocity ratio of the material with respect to 
vacuum and k is the extinction coefficient responsible for the damping of the 
wave.

The intensity of an electromagnetic wave is proportional to the amplitude 
squared. The intensity in a semi-infinite homogeneous medium decreases 
exponentially according to [114].

zeIzI 0T,  (3.4) 

where  is the absorption coefficient [m]-1 described as 

k2  (3.5) 

and I0 = R0I0 + IT, 0 . (3.6) 

R0 is here the surface reflectance, IT, 0 is the incident intensity corrected for 
the surface reflectance (at z=0) and z [m] is the distance along the path of the 
wave in the medium. 

The absorption in a layer of the material is also described by the dimen-
sionless unit d (where z = d, i.e. the film thickness), that is called the opti-
cal density (OD). 

There are elementary but important geometrical considerations about the 
electromagnetic waves in a thin plate (with possible addition of multilayers 
and a substrate). These considerations will here be discussed and illustrated 
with some simple examples. In a single plate or a substrate, with a thickness 
of d, where the radiation can be reflected and transmitted there are multiple 

Figure 3.1 An illustration of a 
wave that is absorbed 
(damped) in a me-
dium. The dashed 
line is a guide to 
show the exponential 
behavior. (Note that 
the wavelength is 
smaller in the me-
dium than for the in-
cident wave which 
implies that n > 1.) 
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reflections and transmissions as described by figure 3.2. In this example it is 
assumed that interference effects are neglected and that the intensities can be 
added to each other since the plate thickness is much larger than the wave-
length and also larger than the wave coherence length. 

Figure 3.2 The figure shows the possible paths of a propagating beam in a ho-
mogenous and absorbing plate. It shows how the incoming intensity 
I0 decreases after multiple reflections in, and transmissions from, the 
plate.

Assuming that the incident intensity is I0 then the total reflected intensity 
IR is a sum of reflection from the surface and multiple transmissions from the 
plate:
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where x = 2d
0 )e(R .

This sum of the power series can be calculated and with eq. 3.2a the total 
reflectance is exactly expressed as 
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The total transmittance can be resolved in the same way: 
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and by using eq. 3.2b: 

d22
0

d2
0

eR1
eR1T . (3.10) 

Equations (3.8) and (3.10) give the total reflectance and transmittance in-
tensities respectively in the simplest case when the reflection coefficient R0
is the same at the interfaces. A new calculation should be carried out when 
there are several and different reflection coefficients, for example in multi-
layer films. 

Another case is when the film thickness is comparable or less than the 
wavelength so that interference effects may occur and when the electromag-
netic radiation needs to be separated in s- and p polarized light. However, the 
equations, in this case, will also have a similar form as the equations above.  

The optics under these new considerations is here described. Consider that 
electromagnetic radiation propagates in medium  with refractive index ni

at an angle i with respect to a line perpendicular to an interface. Medium 
with refractive index nj is on the other side of the interface. The radiation 
will change its propagation direction, after the interface, to an angle j, ac-
cording to Snell’s law: 

ni sin i = nj sin j (3.11) 

that also is illustrated in figure 3.3. 

The refractive indices ni and nj of the media can be characterized by the 
speed of light ci,j in the media or the complex dielectric, i,j, and magnetic, 

i,j, permeabilities by the relation (in the case of medium i): 

Figure 3.3 Definition of sym-
bols in the Fresnel’s 
equations and some 
material parame-
ters.
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ii
i

i µ
c
cn  (3.12) 

Further on, electromagnetic radiation can be polarized in s- and p polarisa-
tion states. The electric field vectors that are normal to the plane of incidence 
(the plane spanned by the incident, reflected and transmitted beams) denote 
the s polarization state while the electric field vectors that are in the plane of 
incidence denote the p polarization state. The amplitude ratios for the re-
flected (r) and the transmitted (t) radiation including their polarization states 
(s and p) have been derived in a slightly less general form, than given below, 
by Fresnel in 1823 [114].
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An expansion of this discussion can be made to include a thin homogenous 
film on a substrate as shown in figure 3.4. The numbers in the figure denote 
the environment , the film , with thickness d, and the substrate  while 

 denotes light incident from the front side and  denotes light incident 
from the substrate. From now on all layers are considered as non-magnetic 
and the speed of light in the environment is approximately the same as in 
vacuum i.e. the refractive index is equal to 1. 

The amplitudes can, in this case, be considered as an addition of reflected 
amplitudes since the light can be reflected several times between the two 
interfaces of the film . The resulting amplitudes are now also functions of 
the film thickness and the wavelength since the phase change of the travers-
ing light beam in the film has to be considered. The phase change  of a 
beam with wavelength  traveling through the film can be expressed as 

22cosnd2  (3.17) 

The amplitude reflectance (r2) and transmittance (t2) for the film on a semi-
infinite substrate are expressed as follows 
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In these equations the same relations also hold for p polarization (when s is 
replaced by p) and have the same form for light incident from the back-
side/substrate when indices 12 and 23 are replaced by 32 and 21 respec-
tively. 

The reflected and transmitted intensities written here by capital letters are 
proportional to the squared amplitudes. The light intensities, in the substrate, 
when the influence of the back surface of the substrate is not included, are 
given by the following equations. 

2f
P2S,

f
P2S, rR
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2S cosn

cosntT
13

312f
2P

f
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cosntT

(3.20, 3.21 and 3.22) 

For a transparent substrate multiple reflections in the substrate have also to 
be taken into account. The intensity of the reflectance and the transmittance 
at the back surface of the substrate are 

231
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33

11231
S3S cosn

cosntT
31

13231
P3P cosn

cosntT

(3.23, 3.24 and 3.25) 

Figure 3.4 Illustration of propagation of light intensity in a thin film  of 
thickness d on a substrate . R2 denotes reflectance from the inter-
faces 1-2 and 2-3 of the film where f is reflectance from the front 
side and b from the backside. T2

f denotes the transmittance from 1 to 
3 while T2

b denotes transmittance in the opposite direction. R3 and 
T3 is the reflectance and transmittance from and through the back-
side of the substrate respectively. Multiple reflections in layer  are 
not illustrated in the figure. 
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When the effect of a non-absorbing substrate is incorporated the final ex-
pressions for the reflectance and the transmittance, as illustrated in figure 
3.4, are 

3S
b
2S

3S
b

2S
f
2Sf

2SS RR1
RTTRR    and

3S
b
2S

3S
f
2S

S RR1
TTT  (3.26 and 3.27) 

Analogous equations are obtained for p polarized light. 

Sometimes it is advisable to compare different optical properties in devices 
within certain spectral regions. These regions can be defined for certain en-
vironments, eye adaptation abilities, material temperatures etc. An expres-
sion that gives the average, H , for the measured reflectance, transmittance, 
absorptance or emittance of the device, H( ), has been defined as: 

b

a

b

a

d

dH
H  (3.28) 

where ( ) is the source function of a specified property, , which can be 
the solar irradiance on earth at a certain level and angle, the range of the 
human eye sensitivity or the thermal spectrum of a blackbody. Figure 3.5 
shows an example of two source functions. It shows the solar irradiance, at 
clear weather conditions, on earth, at air mass 1.5 that corresponds to an 
angle where the path length is 1.5 times the depth of the atmosphere. The 
dips in the solar spectrum are caused by absorption in water vapor, carbon 
dioxide and ozone. The human eye sensitivity is placed in the same picture 
but with arbitrary units (y-axis). 

Figure 3.5 Solar irradiation 
spectra at air mass 
1.5 and the relative 
spectral sensitivity 
of the human eye. 
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If neither the total reflectance nor the total transmittance is very small, 
both have to be considered in calculations of the real value of the absorption 
(eq. 3.1). The absorption is found by determination of the absorption coeffi-
cient ( ) from the reflectance and transmittance measurements. The absorp-
tion coefficient of a thin film can be approximated [115] from the exact ex-
pressions for R and T for an absorbing thin film [116]:

T
R1ln

d
1( )  [m]-1 (3.29) 

(This expression can intuitively be derived by considering the expression in 
the logarithm as an absoptance but it can also be derived by using equations 
3.8 and 3.10 under the condition that the incident surface reflectance R0 is 
neglected.)  It is possible that interference effects occur when d, in a thin 
film, is of the order of the wavelength. The transmittance and the reflectance, 
in the case of a homogenous medium, display interference fringes that are in 
anti-phase relative to each other. However, it has been shown that the inter-
ference effects in R and T compensate each other and that equation 3.29 
holds as an approximation. The approximation conditions are that the refrac-
tive index of the substrate is in the range 1.3 to 1.7 and that of the coating 
from 1.3 to 2.5. This gives relative errors of around 10% and a maximum 
relative error of less than 15% for high refractive indexes of the coating [115].
The effect of the substrate backside has not been considered in this equation 
but for a glass substrate, which is often used in laboratory work, the reflec-
tance ratio between glass and air, which can be found from equations 
3.13/3.14 and 3.23, is approximately 4%. It can be found, in this case, that 
the influence of glass backside reflectance is small and that the approxima-
tion of eq. 3.29 is good. 

A way to describe how efficient the charge is to induce absorption in an 
electrochromic device, during an electrochemical process, is to introduce the 
coloration efficiency (CE). The CE is defined as the change in optical den-
sity per unit inserted charge: 

Q
ODCE  (3.30) 

The OD and the CE are positive if the absorption increases under positive-
ion intercalation as in the case of cathodic electrochromism and negative if 
the absorption decreases during ion intercalation. 
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3.2  Disordered systems and localization 

In section 1.1 it was mentioned that the structural disorder in tungsten ox-
ide plays an important role for its electrochromic property. Consequently the 
physics of amorphous materials is being considered in this work. Although 
there has been a great burst of interest in amorphous solids, since the start in 
the late 1960’s, the subject has yet to be developed into unifying principles 
like the subject of a periodic array of atoms [117]. The heart of modern solid-
state physics lies in the existence of a near periodic lattice in crystalline ma-
terials. The reason why the theory of ordered solids is much more developed 
than that of disordered ones, even though both forms of matter have compa-
rable densities, is that atoms are regularly arranged in the ordered solid state 
but are spatially disordered in materials such as glasses and liquids. It is the 
lack of a periodic array of atoms that has left the subject of amorphous solids 
in a primitive state compared with the highly developed theory of crystalline 
ones. Many of the concepts used in the theory of amorphous solids are bor-
rowed from the theory of crystalline solids. 

3.2.1 Order and disorder 

Very often in solid-state physics disorder is explained through the termi-
nology of order. Two aspects of order are important for this treatise [118]:

Short-range order is a regular arrangement of the closest neighbor-
ing atoms. 

Long-range order has a strict periodicity and translation invariance 
of the crystal lattice. An unperturbed and infinite lattice is ideal and 
considered as the zeroth approximation in the calculation of solid-state 
properties. Perturbations can be classified as dynamic, in elementary 
excitations, or static as in point imperfections. A lattice is considered 
ordered when it is possible to explain its characteristics with an infinite 
lattice with ideal long-range order and with addition of perturbation 
theory including the dynamic and static perturbations. An arrangement 
is considered disordered when this approximation is not meaningful. 

There are different types of disorder in solids where each type gives rise to 
different physical properties. These types are suitably introduced by refer-
ring to an ordered ideal, cubic point, lattice, as in figure 3.5a. Some types of 
disorder will be given here. 
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One type of disorder, shown in figure 3.6b, is when other kinds of atoms are 
statistically distributed and replacing the original ones. This type of disorder 
is often called compositional and occurs in alloys. Another type of disorder 
is when the ordered lattice atoms (see figure 3.6a) are statistically disturbed 
and displaced from their positional order. This type is named positional dis-
order, shown in fig 3.6c, and is characteristic of amorphous phases in solids. 
Vacancies in an ordered or positionally disordered lattice are another form of 
disorder. Rings of atoms with other coordination numbers may then appear 
around the vacancy. In this case some bonds between nearest neighbors are 
broken and unsaturated. The unsaturated bonds are called dangling bonds 
and the disorder type topological disorder, as schematically shown in figure 
3.6d. This type of disorder may also appear without dangling bonds but with 
the formation of atomic rings. 

3.2.2 Localization 

There are some models to describe amorphous or disordered systems such 
as semiconductors and insulators. To start with we introduce an ideal struc-
ture with periodic potentials schematically shown as a Kronig-Penney poten-
tial in figure 3.7a [119].

The potential leads to an energy band due to mutual interactions from 
many atoms that split the eigenenergies of the electrons. The electronic 
wavefunctions will overlap to form a band of extended Bloch states with an 
energy width B (figure 3.7b) that is proportional to the overlap integral J 
between orbitals, and the coordination number g, of neighboring atoms [119]:

 B = 2Jg (3.31) 

Figure 3.6 a)  Ordered lattice 
and types of lattice 
disorder: 
b) compositional 
disorder, c) posi-
tional disorder by 
distortion of the lat-
tice and
d) topological dis-
order.
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Figure 3.7 A system of a) periodic potentials resulting in b) an energy band of 
extended states, represented by its density of states and c) a disor-
dered system with d) bands of localized and delocalized states or 
with e) localized states only. 

In the Anderson model [120] the disorder is introduced into the system by 
varying the depths of the potentials within an energy range of V0 (“diagonal 
disorder”) as illustrated in figure 3.7c. In the Lifshitz [121] model the disorder 
is described by different widths of the potential wells and barriers (“off-
diagonal disorder”) [122]. For both cases there will appear localized states 
whose size depends on the magnitude of disorder. 
Assuming diagonal disorder, V0 can be in two regions, namely V0 < B, figure 
3.7d, and B < V0, figure 3.7e. When V0 < B new localized states are added to 
the sharp extended edges of the density of states that now have the form of 
exponential tails. For B < V0 there will only be localized states in the band. 
The energy that separates the extended from localized states is called the 
mobility edge [119] and the energy that separates the states from the band gap 
is called the band edge. The potentials do not need to have depth or width 
differences. Charge carrier localization can be caused by disorder (Anderson 
localization) [120] or alternatively by the electron-phonon interaction leading 
to the formation of so-called small polarons. 

Another important consequence of disorder is that the system has no peri-
odic symmetry with respect to invariant translations as for a crystal lattice. 
As a consequence the k-vector is no longer a good quantum number. A dis-
ordered system is in principle characterized only by its density of states. 
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3.2.3 Density of States (DOS) 

In amorphous semiconductors, local defects such as dangling bonds, can 
cause impurity bands or levels to appear in the gap. Impurities, defects and 
non-stoichiometric asymmetry of the lattice cause an extension of the band 
edge of the conduction and valence band. These levels give the DOS a char-
acteristic structure. The properties of amorphous semiconductors are to a 
large extent determined by such states [118]. High acceptor concentrations 
(negative ion doping) will give energy levels close to the top of the valence 
band while high donor concentrations (positive ion concentrations) will give 
energy levels close to the bottom of the conduction band. The Fermi level, 

F, where the occupation probability of an electron is one half, will adjust 
itself, toward the conduction band for increased donor doping and towards 
the valence band for increased acceptor doping, as the concentrations are 
changed [124]. A schematic picture of a) energy bands as a function of density 
of states for b) overlapping tails of localized states that create a pseudogap 
and c) an impurity band due to local defects such as dangling bonds with a 
smaller number of localized states close to the valence band than near the 
conduction band, is shown in figure 3.8. 

Figure 3.8 Possible structure of the density of states in amorphous semiconduc-
tors with a) a valence and a conduction band, b) overlapping tails of 
the localized states and c) an additional impurity band of local de-
fects.

The temperature dependent electrical conductivity for H and Li ion inter-
calated amorphous films of tungsten oxide obeys the variable range hopping 
(VRH) mechanism from room temperature to 15 K as mentioned in 2.3.3. 
The conductivity ( DC), where Tt is the temperature, is given by [93].

1/4

0DC
tt,0/TT-etT  (3.32) 
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where 0 is a parameter that depends on the density of states near the Fermi 
level, N(EF). Tt,0 depends on the polaron wavefunction (polaron radius, -1)
and also on the N(EF) according to the equation [99,100] 

)N(Ek
DT

FB

3
t,0  (3.33) 

Here kB is Botzmann’s constant and D´ is a numerical factor. 

3.2.4 Band tails (Urbach tails) 

Localized states deep in the band tail are also small-polaronic. That is, 
when occupied, these states, near the band edge, are both severely localized 
(small) and accompanied by significant displacements of surrounding atoms 
(polaronic). Since these small-polaronic states have their origin in the band-
tail their density is quite low compared to the small-polaron band state. The 
separation between the bandtail small-polaronic states is much larger than 
the usual interatomic separation of the small polaron. As a result, the overlap 
between small-polaronic bandtail states may not be large enough to produce 
adiabatic hopping motion. The small-polaron jump rate and the mobility 
within the bandtail are smaller than for usual small-polarons that are local-
ized in a band. The above-mentioned process is a direct hopping between 
small-polaronic bandtail states. In an indirect hopping between bandtail 
states of small-polarons a charge carrier hops from a well-localized small-
polaronic bandtail state to a weakly coupled state with a large-polaronic 
radius and back to another localized small-polaronic state [125].

3.3 Optical Absorption Mechanisms 

Optical absorption is excitations of electrons from one state to another 
state. It is of importance to know the nature of the states, for instance where 
the states are, or their energy, as briefly explained in the previous chapter. It 
is also important to understand that different kind of states in different mate-
rials give different optical absorption. 

There are two types of states; extended states that describe the collective 
electron band in an infinite undistorted solid and localized states that de-
scribe the electron bands caused by localized point defects, impurity lattice 
atoms or other imperfections. A description based on localized states be-
comes more important when the distortion of the lattice becomes very large 
[118].
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The possible optical absorption models in intercalated tungsten oxide are 
reviewed and described in the next sections. 

Section 3.3.1  describes briefly the free electron absorption according 
to the Drude model. It is applicable in crystalline struc-
tures.

3.3.2 describes the charge transfer mechanism in the optical 
absorption of amorphous tungsten oxide. 

3.3.3 introduces the polaron absorption model. 
3.3.4 gives some models for the absorption coefficient. 
3.3.5 describes the “three absorption band model”. 
3.3.6 describes the site saturation model for the absorption 

coefficient.
3.3.7 explains the optical absorption in oxygen rich tungsten 

oxide.

An optical absorption mechanism not mentioned in the above outline is color 
centers. Color centers are created at negative ion vacancies. Although color 
centers (F centers) are found in alkali halide crystals with lattice defects that 
can absorb visible light, [126] they have also been suggested to be found in 
amorphous transition metal oxides [21]. The main reason why these centers 
have been ruled out in the latter case is that the colored state corresponds to 
electrons localized on tungsten sites instead of oxygen vacancies [127]. An-
other reason is that the high concentration of color centers obtained in a thin 
film (1019-1022 cm-3) would mean that electron-hole pairs would be less than 
10 Å apart, and tunneling would occur between all electronic states [128].

3.3.1 Free electron absorption 

A material can be characterized by its Fermi energy level F. If F is posi-
tioned in the conduction band, the material is metallic and shows good con-
ductivity. The optical absorption of these materials is electron intraband 
transitions (transitions within an energy band) and can be determined from 
the Drude free electron model. The relation between the frequency-
dependent (AC) conductivity ( ~ ) and the absorption coefficient is given by 

cn

~Re

0

 (3.34) 

where 0 is the permittivity of vacuum, c is the light velocity and ~  origi-
nally is a complex function that, in the Drude model, can be expressed in the 
measurable units n, the electron density,  the electron (average) relaxation 
time, e, the electron charge and m, the electron mass according to the equa-
tion
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i1
~ DC  with the direct current (DC) part  

m
ne2

DC

 (3.35a and b) 

The conductivity is related to complex refractive index in eq. 3.3 through the 
dielectric constants (Im{ } and Re{ }) by the expression [129].

~ ( ) = 0 Im{ ( )} + i 0 [1-Re{ ( )}] (3.36) 

where the complex dielectric function 

( ) = [N( )]2 (3.37) 

gives the real and imaginary parts in the nice forms of 

Re{ ( )} = [n( )]2 – [k( )]2  (3.38) 

Im{ ( )} = 2n( )k( ) (3.39) 

3.3.2 Inter-valence charge transfer (IVCT) mechanism 

The complete mechanism of the optical absorption in disordered inorganic 
tungsten oxide is still controversial. However, the inter valence charge trans-
fer absorption model [128] has been generally accepted and will here be de-
scribed. The following reversible reaction occurs when stored positive ions 
are inserted (intercalated) into the film along structural channels: 

yxy WOMWOxexM (3.40)

Here M+ denotes H+, Li+, Na+ or other alkali metal ions. Charge balancing 
electrons are accompanying the ions and become eventually trapped on a 
tungsten site [128].

5
i

6
i WeW  (3.41) 

Evidence have been put forward that charge is transferred from a tungsten 
site to another when the absorption occurs. In the presence of light, the va-
lence electron absorbs a photon and jumps from site i to a neighboring tung-
sten site k.

5
k

6
i

photon6
k

5
i WWWW (3.42)
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The charge transfer is the basic model for all attempts to explain the optical 
absorption in disordered tungsten oxide. 

3.3.3 Localized electrons and holes with structural deformation 
(Polaron model) 

The description of electron properties in a solid material with rigid crystal 
structure is a corner stone in solid state physics. The description of electron 
properties in a solid material with disordered structure is far from completely 
explored. It is known that a number of electrons can be localized in such 
structures and this is of importance in the description of the material 
properties.

It has been shown that the localized intercalated electrons and ions in 
amorphous tungsten oxide alter the distance between tungsten and oxygen 
atoms. Figure 3.9 shows the radial distribution function which is a measure 
of the number of neighboring atoms lying at distances between r and dr from 
an arbitrary origin atom [131], as a function of tungsten-oxygen distance. 

The distribution which is obtained by extended x-ray absorption fine 
structure (EXAFS) shows that the tungsten-oxygen distance is increased 
when the tungsten ion charge is increased by the localization of one extra 
electron [130]. A review of the most probable explanation will here follow. 

Electrons are localized because they reach a more favorable state and enter 
a lower potential. In this context the polaron, a quasiparticle that consists of 
an electron or hole and a force field of phonons, can be introduced. A 
polaron is, in general, an incorporated free electron (originally external and 
not part of any atom) that initiates a displacement of the ions that surround it 
in the material. The displacement that the electron/hole creates is so large 
that it becomes trapped and thereby localized by the potential well of the 

Figure 3.9 Radial distribution 
function (RDF) of 
amorphous tungsten 
oxide obtained by 
EXAFS for the first 
coordination shell in 
evaporated, interca-
lated (W5+) and non-
intercalated (W6+), W 
oxide films as a func-
tion of the tungsten-
oxygen separation 
(After Kuzmin and 
Purans [33]).
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displacement. The lattice deformation by the influence of a polaron is 
depicted in figure 3.10. This distorsion of the microcrystal lattice creates a 
change in ion separation as figure 3.10 describes. 

The polaron concept was first introduced 1933 by Landau [132]. Later on 
Pekar investigated the self-energy and the effective mass of the polaron [133].
Polarons have been reviewed in a number of articles [134-136] as well as in 
textbooks [137-139]. It is likely that they exist in crystalline tungsten oxide [34, 44, 

62, 83, 140, 141] as well as in the amorphous state [37, 85, 127].
In a solid material atoms are vibrating in certain collective modes. The 

quanta of the vibrating modes are called phonons. The phonon changes its 
frequency when the atoms are displaced. A polaron is often described as an 
electron surrounded by long wavelength (longitudinal) optical (LO) phonons 
in a phonon cloud. 

Single polarons are called large when the size of the distortion, , is much 
larger than the lattice parameter, a, that is when  >> a. The polaron is small 
when the excess charge, hole or electron, only distorts its nearest neighbors, 
that is when a.

Some illustrative and simple derivations about the relation of the optical 
properties, to the activation energy Ea of the polaron conduction will, here be 
presented. In a crystalline ionic lattice the polaron is referred to as a dielec-
tric polaron. 
For a one-dimensional system the lattice energy is of the parabolic form Dq2

where q is a “configurational coordinate” that describes the potential separa-
tion. Figure 3.11 shows schematically two neighboring potential wells that 
we attribute to polaron potentials [142, 143].

The Ea is from the ground state of a potential to the interception of the po-
tentials. The most probable optical excitation of a polaron is from its ground 
state (-E0). The optical absorption gives rise to a vertical transition with en-
ergy close to 4Ea. The polaron also has access to typical phonon energy 0

and/or thermal energy kBTt. When 0 > kBTt, the initial states of the ab-

Figure 3.10 The polaron formation 
when electron (e-) is 
trapped to a positive ion. 
The ions inside the large 
dashed circle, that illus-
trates the polaron exten-
sion, are displaced from 
their original positions, 
shown by small dashed 
circles.
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sorption process are between –E0 and –E0+ 0. This determines the width 
of the absorption peak. When the typical phonon energy, 0, is less than 
kBTt then the absorption width, , is close to 4(EakBTt)½. The two potential 
well system applied to the absorption spectrum has also been discussed by 
others [141, 144, 145].

There are a number of classifications of the large and small polaron, which 
here are briefly described. The coupling strength between the carriers and 
the optical phonons influences the polaron mass and energy. The large pola-
ron electron-phonon coupling ranges [136] from weak [146] to [147] strong cou-
pling [133]. A general derivation for all coupling strengths is given by the 
Feynman-Path-Integral method [148]. For small polarons the couplings are 
different but the same classifications are also used. The crossover between 
large- and small polaron regime has been studied in detail by Iadonisi [149]

and in general small electron bandwidth and strong coupling leads to a small 
polaron solution while large bandwidth and weak coupling leads to the large 
polaron model. 

Another classification is the modes of polaron transport in crystals [131].
One is called a diagonal process, which means that phonons are absorbed or 
emitted when the polaron moves in the medium and the other one is a non-
diagonal process, which means that the polaron moves without any emission 
or absorption of phonons. 

The polaron (large or small) has also a large or small jump probability. 
The regimes are called [131]: 1) Adiabatic if the charge transfer probability is 
large. The polaron can make several transitions back and forth during the 
time that an activated state persists. The polaron hopping rate ( ) is in this 

Figure 3.11 Schematic picture of 
polaron potentials in 
energy versus con-
figurational coordi-
nate (q). It shows the 
activation energy Ea,
the polaron band-
width , the ground 
state E0, and states 
between E0 and 
E0+kBTt from which 
electrons are excited. 
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case much larger than the longitudinal optical phonon frequency ( LO) [139].
2) Non-adiabatic if the charge transfer probability is small, that is  << LO.

In an ordered polaron system the polaron has only one identical energy 
level and the probability of localization of the polaron for each lattice site is 
equal. A disordered system takes into account the statistics of small polarons 
and the distribution of localized energy levels. 

Some “types” of polarons are in the scope of this work especially interest-
ing. These are the bound polarons, bipolarons and bound polaron pairs. It is 
here convenient to give a short description of them and explain the impor-
tance of polarons in this view. 

When there are vacancies of negative ions in wide-gap insulators an elec-
tron can fill the vacancy and become self-trapped. A bound polaron is cre-
ated. It can be excited to the nearest neighbor of the vacancy and produce an 
absorption band with characteristic features. A bound small polaron (BSP) 
can hop around a vacancy but does not take part in the dc conduction while a 
free small polaron (FSP) hops from one lattice site to another also contribut-
ing to the dc conductivity [150].

A bipolaron is two charge carriers self-trapped in the same potential well. 
It is considered to have zero spin. One motive to introduce the bipolaron is 
that it has been shown that the energy corresponding to the double pair oc-
cupation of gap states may be lower than for separate electrons if the electro-
static repulsion is compensated by joint lattice distortion due to both elec-
trons. This would result in a larger width of the absorption band than for a 
single polaron. Another motive is that equation 3.42 cannot alone explain 
that the films with higher oxygen deficiency have higher coloration effi-
ciency (CE) [90, 151, 152]. There have been propositions that bipolarons exists in 
crystalline as well as in amorphous tungsten oxide [153] and that they are pre-
sent in oxygen deficient films and increase in number as the oxygen vacan-
cies become more numerous [90, 91, 154, 155]. Slightly oxygen deficient films are 
then supposed to have a composition between WO3 and WO2, which would 
give a certain number of W6+ and bipolaronic W4+ states. The higher colora-
tion efficiency at higher oxygen deficiencies in the films has been interpreted 
in the following way: 

4
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This means that films with more W4+ states, that is, films with less oxygen, 
can absorb more than films with more oxygen as long as there are W5+ states 
present. According to equation 3.41 these W5+ states are created under inter-
calation. A summary is that the overall absorption mechanism is suggested 
to be electron transitions between W6+ and W5+ after intercalation while there 
are also electron transitions between W4+ and W5+ in an oxygen deficient 
film after intercalation. 
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However, electron paramagnetic resonance (EPR) measurements on amor-
phous WOy films (2.6 < y < 3) reveal that (W-W)10+ species are present in 
oxygen deficient films instead of W4+ states [110]. Theoretical calculation also 
supports the tungsten ion-pair model [112, 156]. The discussion in favor of ion 
pairs has also been put forward for crystalline tungsten oxide [83].

3.3.4 Models that describe the optical absorption coefficient 

A general formula for the absorption coefficient by integration over the DOS 
for ordered and disordered free small polarons in a low-mobility cubic crys-
tal at high temperatures has been found by He [150]. It shows that 
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where (0) is a pre-factor that depends on the hopping integral between the 
polaron sites ,Tt is a temperature above and around room temperature, kB is 
the Boltzmann constant, p( ) and p( ´) are distribution functions of localized 
energy levels  and ´ respectively while f( ) and f( ´) are the associated 
Fermi-Dirac distributions and Ea is the activation energy for polaron hop-
ping. The model suggests that the absorption peak of a disordered small po-
laron system is broadened and is shifted toward a lower energy compared to 
an ordered system, in otherwise the same conditions. 

The basic theory for large polarons was mainly developed by Pekar [157],
Frölich [146] and Feynman [148]. Large polarons can be seen as free electrons 
in the conduction band that become localized due to strong electron-phonon 
interaction alone. The extension of the polaron can be larger than the lattice 
parameter of the solid. This approximation is known as the “continuum” 
approximation. The large polaron model has been applied to explain the 
electrical and optical properties of crystalline W oxide when it is doped by 
lithium or has oxygen vacancies. A strong-coupling model [158, 159] has re-
cently been found to be in good agreement with the optical properties of 
polycrystalline W oxide films [160].

The small polaron model for crystalline solids is based on Holstein’s deri-
vations [161]. The model was later treated by Eagles for electron transitions 
from wide and narrow valence bands to a narrow conduction band [162]. An 
attempt to model the optical absorption by small polarons (in an ordered 
system) in more detail was developed by Reik [163], Heese [164] and Klinger 
[165]. It has been suggested that single crystals of TiO2 obey the small polaron 
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absorption [145, 166, 167]. Later the small polaron theory was applied to evapo-
rated amorphous tungsten oxide [85].

The general formula of the absorption coefficient in the small polaron the-
ory, mentioned above (equation 3.44) can have a simpler form. It is found by 
the following expression [140], where Ea is the optical activation energy and 
kBTt is the thermal energy. 
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This theory is described very well in a paper by Schirmer [142]. The theory 
showed excellent agreement with experiments except at the high-energy side 
of the absorption peak. Figure 3.12 shows the comparison. 

Another absorption model, derived by V.V. Bryksin [168], is based on intra-
band transitions between different localized states in a broad Gaussian den-
sity of states (DOS) [169]. The theory can be approximated by simple expres-
sions in three frequency regions. The optical absorption is given by the fol-
lowing expressions where  characterize the width of the scatter in energy 
levels and  characterize the change in Fermi level (  0): 
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Figure 3.12 The theory of 
small polaron 
absorption 
compared with 
the optical ab-
sorption in 
electrochromic 
amorphous 
WO3. (After 
Schirmer et. al. 
[142])
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Here the absorption maximum is at an energy where 4Ea+ . A discussion of 
these equations is suitable by considering the case where the Fermi level has 
not changed ( =0), regarding a non-intercalated film. In the first region (eq. 
3.46a) it is most favorable for a polaron to jump between levels whose en-
ergy are almost identical and very close to the Fermi level. The most favor-
able jump is with energies equal to 4Ea because according to the Pauli prin-
ciple (and the Fermi distribution) there is a rapidly decreasing possibility that 
the jump occur at energies below 4Ea. The absorption at energies above 4Ea
(regime 2.46b and c) is, in contrary to the absorption below 4Ea, not affected 
by the Pauli principle, but is reduced due to a reduction in the density of 
states as the photon energy increases. The transitions between localized 
states have, in this case, a much broader distribution in photon energy as 
compared to the distribution below 4Ea. When the absorption increases due 
to increased intercalation levels and more polarons are contributing to the 
absorption, the Fermi level also increases. As the Fermi level increases the 
peak of the absorption moves to higher energies. 

3.3.5 Three absorption band model

The optical absorption in amorphous tungsten oxide could be described 
with three independent absorption bands [170]. These bands arise from charge 
transfer between tungsten sites with corner-sharing tungsten-oxygen octahe-
dral bonds and sites 1) in the bulk regime below the surface, 2) at the surface 
where the tungsten has a terminal double bond to an oxygen ion and 3) at the 
surface where a pair of tungsten ions have terminal double bonds that create 
a contraction between the tungsten ions. The model seems to give good fit-
tings with the optical density for both amorphous and crystalline evaporated 
tungsten oxide, but there is a need to separate and verify that different ab-
sorption bands actually exist and originate from the three cases. 

3.3.6 Site-saturation model 

The site-saturation model [171] is very simple and it is based on the optical 
absorption by localized electrons. It assumes a material with a matrix of N
available localized electron sites. A number (nx) of electrons can be incorpo-
rated randomly along with the same number of ions in the matrix. The inter-
calation level (x) or the ratio of electrons over the total number of sites is 
then
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N
nx x  0  nx  N  (3.47) 

In this context it is appropriate to implement the intercalation level as the 
level of “filled W6+ ” or W5+ states and the remaining 1-x states as the level 
of “empty” W6+ states according to eq. 3.47. Each electron contributes to the 
optical absorption coefficient with an amount of  (the optical absorption 
per electron). The condition is that each electron only contributes to the ab-
sorption as long as there is an empty neighboring site to be transferred to. 
The absorption coefficient is assumed to be proportional to the number of 
filled sites and the probability of empty sites, giving the expression 

N
n

-1n(n) x
x (3.48)

or

(x) = 4 max(x-x2)  where  max = N
4
1

. (3.49a and b) 

The maximum obtainable optical density is given by  

0.5x2x14
x max   when 0

x
 (3.50) 

which gives max when half the number of available sites are occupied ac-
cording to equation 3.49a. 

This model can be generalized by incorporating W4+ states as described in 
section 3.3.3 about bipolarons. According to that, a W oxide film can have 
doubly occupied W4+ states besides single occupied W5+ states that are cre-
ated upon intercalation. If the assumption is applied that electrons can be 
trapped at W6+ states by the creation of W5+ and that there is a possibility 
that the next electron can be trapped at the W5+ state by the creation of W4+

then a simple probability calculation can be made. Let x be the relative elec-
tron density, or the number of inserted electrons over available sites, as de-
scribed by expression 3.47 when x now increases from 0 to 2 (where 2 de-
note two electron states in each site) in the film during intercalation. The 
relative number of the states denoted here as P for the states W6+, W5+ and 
W4+ in the matrix is then 

W6+: P = (2-x)2 W5+: P = 2x(2-x) W4+: P = x2 (3.51a, b and c) 
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The relative number of one-electron transitions denoted here as Pt between 
each pair of states is then 

W6+  W5+: Pt = 2x(2-x)3 (3.52a) 
W5+  W4+: Pt = 2x3(2-x) (3.52b) 
W6+  W4+: Pt = x2(2-x)2 (3.52c) 

Figure 3.13 shows the available transitions under these conditions. Each of 
the absorption peaks is a plot from the analytical solution. The absorption 
peaks 3.48a and b are asymmetric but they are positioned symmetrically 
around 1(N ).

It should be noted that this model assumes that there are only W6+ sites 
from the beginning of the electron insertion and that all these become W4+

after full insertion. Deposited films would rather have a mixture between 
W4+ and W6+ states according to the model that describes (bipolaronic-) W4+

absorption in section 3.3.3. 

3.3.7 Optical absorption in overstoichiometric tungsten oxide 

Amorphous tungsten oxide with an excess of oxygen, defined here as over-
stoichiometric, is as-deposited also transparent. The oxide has not the re-
versible cyclic voltammetric behavior as the substochiometric oxide has 
during the first electrochemical cycle [172] (for cyclic voltammetry, see chap-
ter 4 Experiment). The electrochemical intercalation procedure gives a dip in 
the cyclic voltammetric process that is attributed to ion trapping, which has 
not been seen in the substoichiometric films. The oxide has been reported to 
be transparent during the voltammetric scan of the dip. The following dein-
tercalation procedure could not extract the trapped ions. This mechanism is 
believed to come from intercalated ions that are trapped near oxygen intersti-
tials in the following process, in the case of Li ions [172]:

Figure 3.13 Available transitions 
between W6+ and 
W5+ states (full lines, 
left absorption peak), 
W5+ and W4+ states 
(dashed lines, right 
absorption peak), and 
W6+ and W4+ as a 
function of x-value 
level from 0 to 2(N ).



40

2Li+ + 2e- + Oi  (Li2-Oi) (3.53) 

This idea is supported by theoretical calculations [173]. A similar cyclic volt-
ammetry dip can be found in stoichiometric W oxide films that became blue 
colored during the voltammetric scan of the dip. The neutral complex, (Li2-
Oi), does not directly give the blue color of the film since lithium oxide is 
known to be white [174], or non-absorbing. However, it can be proposed that a 
reduction in oxygen bonds of the tungsten atom can explain the blue color 
according to the following scheme. 

WO3+x + 2Li+ + 2e-  WO2+x + Li2O (3.54)
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4. Experimental techniques 

This chapter is a description and a summary of the main experimental 
techniques used in the papers contained in this thesis. It describes the basics 
of

(4.1) sputtering, a thin film deposition method, 
(4.2) profilometry, a film thickness measurement method, 
(4.3) Elastic Recoil Detection Analysis and Rutherford Backscattering 

Spectrometry, used for composition and density measurement by 
ion bombardment, 

(4.4) X-ray diffraction analysis, a technique to determine the crystalline 
structure,

(4.5) electrochemical inter- and deintercalation, methods of ion-electron 
injection and extraction respectively, 

(4.6) spectrophotometry, a technique to determine the optical properties 
usually the transmittance and the reflectance and finally 

(4.7) electrical measurements as a function of temperature.

4.1 Thin film deposition by sputtering

Sputtering is a much-used thin film deposition method and there are nu-
merous books that treat this technique comprehensively [86, 175-180]. It can be 
said that some of its advantages are that the adhesion to the substrate is good 
and that the thickness and the structure of the film can be controlled. This 
technique can be used to produce thin films from pure metals, alloys and 
compounds such as oxides. 

A picture of the sputter unit and a simple schematic view of the sputtering 
mechanism are illustrated in figure 4.1. The principle is to place the substrate 
in an evacuated chamber to minimize the unwanted atoms that can pollute 
the film. Baking the chamber enhances the purpose. The target made of the 
deposition material has preferably been placed above the substrate in the 
chamber before evacuation. A constantly flowing chemically non-reactive 
working gas such as argon is then introduced into the chamber. By applying 
a high negative potential (cathode), to the target material, above the break-
down voltage of the working gas, and zero or positive voltage (anode) to the 
rest of the chamber and substrate, electrons will be emitted and accelerated 
from the target and ionize the working gas atoms. This results in an amplifi-
cation of the plasma since new electrons are created under the ionization. 
The ions, created in the plasma, are accelerated towards the target and bru-
tally knock away target atoms and other, secondary, electrons. These elec-
trons also have the ability to ionize the working gas. This results in a self-
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sustained glow discharge. Free target atoms are then deposited onto the sub-
strate as a thin film. If, for instance, a constant flowing reactive gas such as 
oxygen is let into the chamber with the argon or if different targets are sput-
tered at the same time, a compound can be formed. The gas flow ratio, pres-
sure, power and substrate heating can be used to vary the film properties. In 
this work the gas flow ratio has been varied from around 4/50 to 80/50 oxy-
gen over argon, where the flows were measured in ml/min. The pressure has 
usually been set to 20, 40 or 80 mTorr while the power often has been set to 
250, 275 or 350 W. A table of some sputter parameters, the O/W ratios and 
density values are found in chapter 5. Results and discussion. 

Figures 4.1 Left side; A picture of the sputter unit (Ref. 181 from Torbjörn 
Lindgren). Rigth side; Schematic cross section view of the sputtering 
system and a description of the sputter process. (I): Ar ionization, 
(II): Ar ion that sputters target atom, (III) Deposition of target atom 
and additional gas atom, Left: Gas inlet, Right: Applied voltage 
(Ref. 182 from Monica Veszelei). 

An effective method of sputtering is by using a magnetron that is attached 
to the cathode. By using the magnetron the electron trajectories can be bent. 
Consequently their path in the chamber will be elongated. This process in-
creases the ionization degree, which gives a higher sputter rate or alterna-
tively a reduced power. In this case the target requires a cooling system to 
avoid melting since most of the energy from the argon ions is dissipated into 
the target as heat. 

In this study a Balzer UTT 400 system with a turbo molecular pump was 
used for reactive DC magnetron sputtering. The films that were character-
ized by the ion beam technique were usually deposited on only carbon or 
glass substrates while the films used in the optical and in the electrical meas-
urements had glass substrates of approximately 1 mm in thickness that were 
covered with a thin film of tin doped indium oxide (In2O3: Sn) also referred 
to as ITO.  Usually the ITO had a resistance of 60 ohm/square and a thick-
ness of 40 nm. The samples were rotated during the sputtering to get a uni-
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form thickness. The background pressure was less than 10-6 Torr after a bak-
ing time not less than 7 hours at ~120 C before deposition. The tungsten 
target had a diameter of 5.0 cm and a purity of more than 99.95% while both 
the argon and the oxygen gases had a purity of 99.998%. Before the sub-
strates were inserted into the sputter chamber a mask was taped on the ITO 
along an edge to be able to measure the film thickness by profilometry de-
scribed in the next section. 

4.2 Film thickness measurement by profilometry 

The film thicknesses were measured by a Tencor Alpha step 200 pro-
filometer with a vertical resolution of 5 Ångström. The instrument uses a 
mechanical stylus, a diamond tip, which is in contact with the sample and 
scanned over the film edge. A profile of the film appears and the height can 
be measured. To be able to directly compare the tungsten oxide films in this 
work all samples were of a thickness of usually 300 +/- 50 nm. Since there 
are small variations of the thickness of the films an average over 4-7 meas-
urements has been taken on each sample. 

4.3 Composition and density determination 

Two ion beam techniques were used to measure the composition and den-
sity of the films, Rutherford Backscattering Spectrometry (RBS) and Elastic 
Recoil Detection Analysis (ERDA/ERD). The measurements have been per-
formed with an ion accelerator at the Department of Engineering Sciences, 
Division of Ion Physics, Uppsala University. 

The first one is the simplest and most widely used ion beam method to de-
termine the atomic mass and concentration of elemental target constituents 
as a function of depth below the surface. This method uses usually a beam of 
He+ ions with known energy in the range between 0.5-2 MeV. A small frac-
tion of the ions “collide”, at normal incidence to the surface, with the atomic 
nuclei of the target and become elastically backscattered. A screened detec-
tor detects the particles through a fixed scattering angle. In this work alpha 
particles (He+ ions) have been used with energies of 2.0 or 2.4 MeV, which 
were backscattered at an angle of 166.10 .
 The second method can be considered as the complement of RBS, that is, 
instead of detecting the backscattered ions the target ions become ejected 
(recoiled) and detected. In this case atomic mass and depth profile can also 
be measured. Similar to RBS He+ ions, of energies around 1-3 MeV, can be 
used but only for depth profiling of hydrogen. Higher energies and heavier 
elements of the ion beam are required to detect heavier elements. Other dif-
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ferences are that the ion beam impinges on the target at an off-normal angle 
and that a range foil (particle filter) is required in front of the detector. Iodine 
ions of 50 MeV, which were recoiled at an angle of 45 , were used for the 
ERDA analyses in this work. 

The O/W ratio, here denoted as the y-value, and the density of the tungsten 
oxide have been measured by both methods. 

4.4 Structure determination by X-ray diffraction analysis 

X-ray diffractometry (XRD) is a very useful technique to identify a crys-
talline material and investigate its structure such as phase composition and 
crystal orientation. The basics are that the instrument exposes the sample to a 
beam of x-rays, which are coherently reflected by the atoms. The waves 
display constructive and destructive interference as the angle between the 
incident and diffractive beam is varied. By recording the peak positions at 
different diffraction angles the crystal orientation can, for instance, be found. 
In this study a Siemens D5000 diffractometer using CuK  radiation, that has 
a wavelength ( ) of 1.54 Å, has been employed. The studied tungsten oxide 
films that have been investigated by XRD did not show any diffraction 
peaks.

4.5 Electrochemical preparation and characterization 

The injection and extraction of ions and electrons has been done by an 
electrochemical procedure where a three-electrode electrochemical cell is 
used and arranged according to the schematic figure 4.2. 

Figure 4.2 Electrochemical ar-
rangement for ion in-
sertion/extraction of a 
sample denoted by W 
(working electrode) 
with reference elec-
trode (R) and counter 
electrode (C). The 
electrodes are im-
mersed in electrolyte. 
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The cell consists of a working electrode, in this case the sample, a counter 
electrode and a reference electrode. Both the counter and the reference elec-
trodes were lithium foils. All the electrodes were immersed into a liquid 
electrolyte, containing a solution of 1 M lithium perchlorate (LiClO4) salt 
dissolved in propylene carbonate (PC) that supplies mobile Li+ ions. Since 
lithium is a reactive metal it cannot be exposed to air. During the experiment 
the cell was enclosed in a glove box containing argon gas with dew point 
less than -67 C that corresponds to less than 4 ppm of water. 

Two ways can be used to intercalate/deintercalate the samples according to 
this set up; 

Chrono-Potentiometry [183] that is potential response measurements after 
applying a current and 
Chrono-Amperometry [183] that is current response measurements after 
applying a potential. 

The first method has been used for the intercalation since the inserted 
charge easily can be determined by an applied constant current during a cer-
tain time while the second method has been used for deintercalation since 
there is a probability that there is a loss of inserted charge before the deinter-
calation is performed. This complicates the estimation of the applied current 
time if the chrono-potentiometry method is used since there is a risk of gas 
evolution or too small charge extraction if the time is not correctly set. The 
electrochemical system was computer controlled by an ECO Chemie Auto-
lab/GPES interface. 

After the samples were intercalated they were often taken out of the glove 
box and washed with ethanol. This procedure was used when the absorption 
coefficient was determined from the measured transmittance and reflectance. 
These optical measurements will be described in the next section. The inter-
calation level is specified by the charge (Q) in the film per unit surface area 
(Ar). However, since the inserted electrons at tungsten sites are responsible 
for the absorption it is of advantage to relate the number of electrons (or 
lithium ions) to the number of tungsten sites. A Li/W ratio is expressed as an 
x-value in the “composition” LixWOy and it was calculated by the equation 

aNdrA
MLiQ

x e
, (4.1)

where QLi usually is an estimated average between the inserted and the ex-
tracted charge since they are not necessarily the same, M is the molar mass 
of the tungsten oxide, Ar is the intercalated/deintercalated area, d is the film 
thickness,  is the film density, e is the elementary charge and Na is 
Avogadro’s constant. It should be noted that the extracted charge is less than 
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the inserted because of small charge leakage from the film. The ex situ opti-
cal measurements were done at a time between the two known charge levels. 

A useful tool that provides information about thermodynamics and elec-
tron transfer kinetics is electrochemical analysis by cyclic voltammetry (CV) 
[184]. The setup is the same as described above but the process is different. 
The potential of the working electrode is continuously swept back and forth 
between two setpoints at constant sweep rate. During the potential scan the 
current is recorded. In this work the CV is basically used to get information 
about the charge capacity, the ion transport speed and to check the reversibil-
ity in the samples upon charge insertion and extraction. 

4.6 Optical characterization by spectrophotometry 

Optical measurements of total transmittance and reflectance were per-
formed by a double beam UV-VIS-NIR Perkin Elmer lambda 9 spectropho-
tometer equipped with an integrating sphere that was coated on the inside 
with a highly diffusely scattering barium sulphate (BaSO4) paint. The meas-
urements were taken at normal incidence between the wavelengths 300 and 
2500 nm after background correction. These corrections were made both for 
the transmittance and for the reflectance as shown by the expressions 

100%

Sample

I
I

T BaSO
Ref

Sample R
R

R
R  (4.2a and b) 

where ISample and RSample are the transmittance and reflectance intensity from 
the sample, I100% is the intensity without sample and RRef is the reflectance 
from barium sulphate paint. Here the reflectance data were corrected by mul-
tiplication of the obtained signal with data for a BaSO4 reference (RBaSO) [185].
The integrating sphere and the use of the reference are most useful when 
diffuse samples are measured. Although specular samples like a-WO3 would 
give an under estimation of the reflectance due to the reference correction a 
part of this error would be cancelled due to radiation losses related to the 
sphere port (port losses). Reflectance and transmittance measurements were 
performed on some samples with the instrument used in this work and an 
absolute instrument that measures directly accurate values [186]. Comparisons 
showed that the maximum difference was less than 0.015 for the reflectance. 
This led to a maximum relative error of less than 2 % in our values for the 
optical density. 

Some in situ transmittance measurements were also carried out with a fiber 
optic spectrophotometer from Ocean Optics. The instrument uses a tungsten-
halogen lamp in the wavelength range 400 to 775 nm, and a detector. It can 
measure transmittance/absorptance in real time that is analyzed and dis-
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played by a computer. The in situ experiments were done inside a fiber optic 
compatible glove box with the electrochemical set-up placed between the 
fiber ends of the lamp and the detector. The transmittance variation is ana-
lyzed and can be seen during the insertion and extraction of charge. 

4.7 Electrical measurements 

Temperature dependent electrical measurements were performed on sput-
tered thin tungsten oxide films that were deposited on glass substrates, cov-
ered with a partly etched thin film of ITO. A schematic illustration of the 
substrate and the film is shown in figure 4.3 The films were lithium interca-
lated in the same way as described in section 4.5. After the intercalation the 
film was mounted in a small box at the end of a probe in such a way that the 
four point measuring method could be used. A current was applied between 
two of the wires in the tungsten oxide film and across the etched area. From 
the other two wires that were connected in a similar way a voltage could 
then be measured. The box and the sample were cooled down in a small 
container filled with liquid nitrogen. During the temperature variations the 
resistance of the tungsten oxide films were obtained as a function of tem-
perature. An extra measurement was also performed during the heating (i.e. 
when the container was removed) of the sample to room temperature. 

Figure 4.3 Schematic view of a 
sample that is used 
for electrical meas-
urement. It shows 
the glass substrate 
partly covered with 
ITO and the film. 
Contacts for electri-
cal measurements 
are also shown in 
the figure. 
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5. Results 

5.1 Composition analysis 

The compositions and densities were obtained either by RBS or ERDA. 
Table 1 shows composition data for a sputtered film measurement series 
where the power and pressure were kept constant at 200/350 W and 20 or 
around 14 mTorr while the oxygen/argon flow ratio were changed from 12 
to 160 %. Composition data as a function of the O2/Ar flow ratio from the 
table is also visualized in figure 5.1. The diagram shows also comparisons 
with results found from literature by x-ray from photoemission spectroscopy 
(XPS).

O2/Ar
[%] 

W
[at. %] 

O
[at. %] 

H
[at. %] 

C
[at. %] 

Density
[g/cm3]

Composition 
O/W ratio 

12 26.6 69.9 1.5 2.0 7.2 2.63 
16 24.5 70.9 1.0 3.6 5.7 2.89 
36 24.1 71.0 0.6 4.3 5.0 2.95 
44 24.1 70.8 0.7 4.4 5.0 2.93 
160 25.0 75.0 - - 5.4 3.00 

Table 1. Results from ERDA analysis for films sputtered at same power (200 W) 
and pressure (20 mTorr) but with different O2/Ar flow ratio and from 
RBS analysis for a film sputtered at a power of 350 W, a pressure of 14.3 
mTorr and with a O2/Ar flow ratio of 160 %, as shown in the last row. 
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It is observed that the films sputtered at high O2/Ar flow ratios (>35%) show 
a near stoichiometric (WO3) composition and a density between 5.0 and 5.4 

Figure 5.1 The average com-
positions of a-WO 
films, in O/W ratio, 
as a function of 
oxygen–to-argon 
gas flow ratio dur-
ing sputtering. The 
results are com-
pared to the surface 
compositions ob-
tained from litera-
ture by XPS [90, 91].
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g/cm3. The O/W value decreases and the density increases when the gas flow 
ratio decreases. 

In a small narrow region of gas flow ratios the film could be sputtered blue 
as-deposited in contrary to the films that were sputtered at flow ratios higher 
than 14 % which were transparent as-deposited. 

In the range of 14-13 % O2/Ar flow ratios the films were almost transpar-
ent with a small light-purple tint. The light-purple color went to pale purple 
and further on to pale blue and blue as the O2/Ar ratio decreased from 13 to 
12 %. In the range between 12 and 10 % the color changed from blue-gray to 
dark blue-gray and further on to pale brown to continue to dark brown (close 
to black). The absorption coefficient as a function of energy for different 
O2/Ar gas flow ratios, shown in %, for some of the films is presented in fig-
ure 5.2. It was found that the reflectance for these films was below 0.25 
which is much lower than for pure (metallic) tungsten that has a minimum 
reflectance of 0.45 in the energy range 0.5 to 4.0 eV [187]. (The color scale as 
compared to the O2/Ar flow ratio and figure 5.2 was found from recent ex-
perimental observations that have not been mentioned in any of the papers in 
this thesis.) 
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5.2 As-deposited blue films 

It is known that electrochromic, substoichiometric and transparent amor-
phous tungsten oxide films are optically reversible. It has, in this work, been 
shown that the as-sputter deposited blue film also can be electrochemically 
bleached to transparency. In figure 5.3 is shown the absorption coefficient of 
the blue WO2.63 film versus the energy. The absorption of the film is not very 
strong here,  is around 3.5 (µm)-1, but the absorption can be stronger since 
it is very dependent on the oxygen to argon flow ratio. A small change in the 
oxygen flow, in the “blue film region” gives remarkable changes in the ab-

Figure 5.2 The absorption coeffi-
cient as a function of 
the energy for sub-
stoichiometric tungsten 
oxide films sputtered 
below a O2/Ar gas 
flow ratio of 16 % 
when all other sputter 
parameters are con-
stant (pressure 20 
mTorr and power 
200W.) 
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sorption. The figure give evidence that it is possible to bleach the film by 
applying a potential of more than 4.25 V. 

The bleaching process of an as-deposited blue WOy film has not been in-
vestigated properly but it has been suggested that oxidative decomposition of 
the propylene carbonate in the electrolyte around this potential could cause 
the bleached state. Another alternative is that water might be present in the 
electrolyte. 
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5.3 Cyclic voltammetry data 

This section will be concerned with the influence of film composition on 
charge mobility during electrochemical cycling. Despite the fact that only 
the electrons contribute to the optical absorption it is also important to un-
derstand the effect of the ions. In figure 5.4a and b initial cyclic voltammetry 
curves of two samples sputtered at different gas flow ratios, but with the 
same power (200 W) and pressure (20 mTorr), are illustrated. The gas flow 
ratios were chosen so that one was low (12 % O2/Ar), giving a composition 
of WO2.63 for the film, and the other was high (44 % O2/Ar), giving a com-
position of WO2.93. The scan rate for figures 5.4a and b is 50mV/s. It can be 
seen in the figures that the first cycle is not completely reversible but the 
next ones are. The charge inserted in the films is much higher for WO2.93
than WO2.63. Approximately the same holds for the extracted charge. This 
indicates that the mobility of the charged particles is much higher in the film 
with the high oxygen content since more charge can be inter/deintercalated, 
during the duration of scan. 

When a stoichiometric, WO3.00 film is electrochemically cycled with a 
much lower scan rate, i.e. 0.1 mV/s, then the first cycle shows a pronounced 
irreversibility compared to the second one as can be seen in figure 5.4. This 
pronounced cyclic irreversibility, shown in the figure as a dip in the first 
cycle, is not seen in a WO2.89 film when the same scan rate was applied. The 

Figure 5.3 The absorption 
coefficient of a 
WO2.63 film, sput-
tered at 20 mTorr, 
200 W and 12 % 
O2/Ar gas flow ra-
tio, as a function of 
energy after apply-
ing successive po-
tential steps of 3.5 
to 4.5 V during 
500 s. 
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color of the stoichiometric film changes from transparent to blue during the 
scan through the dip. After this coloration the film cannot be bleached in 
contrast to more substoichiometric samples. 
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The transmittance in the WO3.00 film decreases during the coloration and 
increases to a value lower than for the as-deposited film. It was observed that 
the transmittance varied reversible during the coloration and bleaching al-
ready in the second cycle. It has been suggested that this irreversible colora-
tion is due to lithium trapping. 

5.4 The optical absorption in sputtered a-LixWOy

Investigations of optical properties, in particular the absorption coefficient 
( ), have been made on lithium doped amorphous tungsten oxide (LixWOy). 
The main results of this study are included in the attached papers and will in 
this chapter be summarized with additional comments. 

Figure 5.4 Cyclic voltammograms of 
(a) WO2.63 and (b) WO2.93
films for the first 5 cycles 
and (c) WO3.00 film for the 
first two cycles. A scan rate 
of 50 mV/s was applied for 
the films in figure a and b 
while a scan rate of 0.1 
mV/s was applied for the 
film in figure c. The arrows 
show the scan direction. 
The film starts to color at a 
current below 0 (A/cm2)
and starts to bleach above 0 
(A/cm2).
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Amorphous sputtered WOy is transparent in the region where y > ~2.8 and 
becomes bluish somewhere in the region ~2.6 < y < ~2.8. This chapter de-
scribes the behavior of the optical absorption during lithium intercalation for 
the above mentioned compositions in the near infrared region (NIR), at 0.5-
1.5 eV and in the visible region (VIS), 1.5 - 3 eV. An example of the descrip-
tion of the absorption in a-LixWOy is shown in a compact form in figure 5.5. 
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The absorption in the NIR region increases when lithium is inserted. The 
absorption increases up to a saturation value that depends on the sputter con-
ditions and decreases after further intercalation. The same description holds 
for the absorption in the visible region below an energy of around 2.3 eV. 
The absorption has a maximum at an energy Epeak ~1.5 eV at least below the 
mentioned saturation. The spectral shape of the absorption coefficient in 
lithium intercalated amorphous tungsten oxide (LixWOy) thin films changes 
continuously as more lithium is inserted. The absorption peak as a function 
of energy is strongly asymmetric at low intercalation levels. The absorption 
below the maximum of the absorption peak (Epeak) resembles a Gaussian 
while the absorption above Epeak is extended out towards higher energies. 
The absorption increases when more lithium is intercalated and Epeak will 
slightly shift towards a higher energy, but meanwhile, the absorption below 
Epeak will still have a distribution similar to that of a Gaussian. At a certain 
intercalation level that depends on the composition of the film the absorption 
will saturate and start to decrease after further intercalation. Although the 
intensity of the absorption at Epeak and the regions around it decreases, there 
is a region close to the band gap in the band tail (see section 3.2 Disordered 
systems and localization) where it still increases. Above this region follows 
an absorption from excitations into extended states. The optical or the mobil-
ity gap edge, Eg, can be found by applying the equation [188] 

=( -Eg)  (5.1)

Figure 5.5 General characteristics 
of the absorption coeffi-
cient during intercala-
tion of lithium ions in 
thin films of a-WO2.89.
The X values, Li+/W ra-
tios, are given in the 
figure.
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where  is a half integer that depends on allowed/forbidden and di-
rect/indirect optical transitions for crystalline semiconductors while the non-
conservation of wave vectors in the optical absorption of amorphous semi-
conductors leads to a so-called Tauc gap with an  that equals to 2. Although 
ITO and glass give an absorption overlapping with the film, that has to be 
subtracted in order to obtain the film absorption in the present case, the 
bandgaps for W oxide films can roughly be estimated to be between 3.2 and 
3.4 eV. Values of the band gap have previously been found between 3.0 and 
3.5 eV as mentioned in the introduction chapter. 

5.5 Influence of the sputtering conditions on the optical 
absorption

Thin films of a-WOy have been deposited at different sputter conditions. In 
this context the depositions were made with a sputter power of 200-350 W, 
an oxygen-to-argon gas flow ratio of 12-44 % and a total pressure of 20-80 
mTorr.

This section will describe the influence of the sputter deposition parame-
ters; pressure, O2/Ar gas flow ratio and power on the absorption coefficient. 
These conditions affect the sputter deposition and the film in different ways. 
A low sputter pressure should, intuitively, be preferred if a high sputter rate 
and a clean film without contamination is desired. The O2/Ar gas flow ratio 
contributes more to the composition of the film than the other parameters 
while an increased power should increase the sputter rate. In this work it has 
been shown that low pressures and/or low oxygen to argon gas flow ratios 
leads to higher absorption coefficients for lithium intercalated films. The 
sputter power showed no significant influence on the absorption coefficient 
for various sputter conditions. A similar behavior has been found for the 
average transmittance in the solar and luminous spectrum. The reflectance 
changes very little compared to the transmittance during intercalation in 
these wavelength ranges. 

5.6 Modelling the optical absorption 

The absorption coefficient has been compared with different models of op-
tical absorption. Three absorption models have been considered, a model 
suggested by Salje [140], He [150] and a model derived by Bryksin [168]. These 
models are briefly described in section 3.3.4. Since the first model does not 
give the necessary asymmetry at low intercalation levels seen in figure 5.6 a 
only the last two models are compared in fig 5.6. It is evident that the last 
model gives the best fit to experimental data. The model has however three 
parameters, the activation energy Ea, the Fermi level  and the band width 
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that will change during the intercalation. These parameters were evaluated at 
each intercalation level from fits such as those shown in figure 5.6a and b. 
Their dependence on the intercalated charge is shown in figure 5.7. 

Figure 5.6 The absorption coefficient of a-W oxide films intercalated to (a) 0.04 
Li+/W and (b) 0.36 Li+/W as a function of absorbed energy. The ab-
sorption is compared to the theories of Bryksin and He. (The sputter 
deposition parameters were 36 % O2 to argon gas flow ratio, a pres-
sure of 40 mTorr and a power of 275 W.) 

Figure 5.7 Parameter values from fits of the Bryksin absorption model to optical 
absorption of tungsten oxide films, deposited with sputter parameters 
that are described in fig. 5.6, for lithium intercalation into a new sam-
ple (dashed dotted line) and into the same sample (full line) for each 
intercalation step. The parameters are polaron bandwidth ( ), Fermi 
level ( ) and activation energy (Ea).
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The inserted electrons enter previously empty states and increase the Fermi 
level during increasing intercalation level. The total increase is in the range 
of 1 eV. The width of the polaron band increases from around 0.5 to 0.9 eV 
in the figure. The increase in the width is less than the increase in the Fermi 
level. The activation energy, Ea, slightly decreases from 0.25 eV at low in-
tercalated charge to around 0.15 eV at higher intercalated charge. A decrease 
in Ea with increasing x is expected as band filling raises the Fermi level. Fur-
ther intercalation gives an Ea that is almost constant. 

The maximum of the absorption coefficient increases to a saturation level 
when the intercalation level increases from zero. It decreases for further in-
tercalation after the saturation. The total absorption can be obtained by inte-
gration of the absorption peak. Figure 5.8a shows the integrated absorption 
coefficient at a number of intercalation levels as a function of the x-value 
(Li/W) for the WO2.63, WO2.89 and the WO93 film. A saturation of the absorp-
tion is seen at an x-value below 0.5 for all the films. The curves can be com-
pared to the site-saturation model given by equation 3.48, or 3.49a and b, for 
x-values in the optically reversible region i.e. at x-values roughly below 0.7. 
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Figure 5.8 The total absorption coefficient as a function of lithium intercalation 
level (x-value) for the tungsten oxide films WO2.63, WO2.89, WO2.93
(a). The dashed horizontal line at x~0.7 divides optically reversible 
inter/deintercalations from non-reversible ones. The irreversible films 
showed a residual color after bleaching. Figure b shows the total ab-
sorption coefficient, as a function of the x-value, for three peaks, po-
sitioned at energies 1.4 eV (peak 1), 3.37 eV (peak 3) and 2.45-2.70 
eV (peak 2) that were found by a fit to the absorption coefficient. The 
fit was performed for the WO2.93 film. 

A simple interpretation of the model is that there has to be two sites involved 
in the electron (polaron) transition in the absorption process, one occupied 
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and one empty. If there are a fixed number of sites, then the maximum ab-
sorption occurs when the sites are half filled. Theoretically the peak maxi-
mum should be positioned at 0.5 Li/W according to this model but experi-
mental data shows that the absorption maximum is seen earlier, depending 
on the substoichiometry. Figure 5.8b shows the total absorption coefficients, 
as a function of the x-value, for three Gaussian peaks, positioned at energies 
of 1.4 eV (peak 1), 3.37 eV (peak 3) and 2.45-2.70 eV (peak 2). The three 
peaks were found by fitting the superpositioned peaks to the absorption coef-
ficient. The amplitude parameters of the Gaussian peaks, which represent the 
total absorption coefficients for each peak, were then plotted as a function of 
the corresponding x-value. The fittings were performed for the WO2.93 film. 
By comparison with figure 3.13, the first peak, at 1.4 eV, can be designate to 
W5+  W6+ transitions. The parameters for the other two peaks are more 
uncertain, since almost as good fits could be obtained with a range of pa-
rameters. However, the tendency is clear and shows a marked similarity with 
figure 3.13. Hence peak 2 can be designate to W4+  W6+ transitions and 
peak 3 to W4+  W5+ transitions. 

5.7 Temperature dependent electrical conductivity 

Temperature dependent electrical measurements have been performed on 
lithium intercalated tungsten oxide films with a composition of LixWO2.89
and LixWO2.93 where x ranges from 0 to 0.53. The conductivity between 
room temperature and 77 K follows the Variable range hopping mechanism 
(VRH) given by equation 3.32 in the chapter on Theoretical considerations. 

Figure 5.9a shows some of the results where the normalized resistance is 
compared with the temperature, Tt

-1/4. A model, given by equation 3.33, that 
describes the relation between the density of states at the Fermi level, N(EF),
the polaron wavefunction decay length and the VRH mechanism can be ap-
plied. The N(EF) as a function of x was found after performing an electro-
chemical galvanostatic intermittent titration technique (GITT) on the films 
(see figure 2.2). By combining all these data, it was observed that the radius 
of the polaron wavefunction increased from about ½ Å to 4 Å during Li in-
tercalation as seen in figure 5.9, with a tendency that the radius is larger for a 
more oxygen deficient film as compared to a less oxygen deficient one. 
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Figure 5.9 The logarithm of the normalized resistance versus Tt
-1/4 (a) and the 

radius of the polaron wavefunction (b), compared to the intercalated 
level, the Li/W ratio, for two tungsten oxide films WO2.89 and WO2.93.

5.8 Stability of devices 

Electrochromic devices were made by laminating sputtered W oxide to V 
doped Ni oxide films with a lithium based conductive polymer. All the Ni 
oxide films were deposited and prepared in the same way with a H2/O2/Ar
gas flow ratio of 1/3/10, a sputter pressure of 30 mTorr and a thickness of 
200nm. The ozone coloration was performed on the Ni oxide films for ~3 
min that gave an estimated charge density of approximately 15 mC/cm2. The 
W oxide films were all sputtered at a power of 200 W and a pressure of 20 
mTorr while the O2/Ar gas flow ratio were set to 12 %, 16 % and 36 %. The 
films had a composition of WO2.63, WO2.89 and WO2.95 respectively accord-
ing to table 1. All the W oxide films were charged with 12 mC/cm2 lithium 
ions.

The devices were bleached and colored simultaneously by the same poten-
tials and the transmittance in the colored and bleached states, for the films, 
was frequently measured during around 3000 cycles. The transmittance as a 
function of the number of cycles at the wavelengths 400, 550 and 775 nm is 
seen in figure 5.10a and b for the device with the WO2.63, and the WO2.95
film respectively. It is seen that the contrast i.e. the difference between the 
transmittance in the colored and the bleached state is in general higher at the 
wavelengths 775 and 550 nm than at 400 nm. The contrast at 2000 to 3000 
cycles, decreases much more for devices that contain more oxygen in the 
WOy films. The device containing the lowest oxygen content in the W oxide 
film showed better cyclic durability and was also less degraded than devices 
with higher oxygen content. 
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Figure 5.10 The transmittance, at the wavelengths 400, 550 and 775 nm, as a 
function of number of coloration-bleaching cycles for devices con-
taining V doped Ni oxide laminated with (a) WO2.63 and (b) WO2.95.
The potentials are Uc/b=-1.4/1.0 and the times in the ranges 1.75-4.5 
min and 1-4 min for the coloring and bleaching processes respec-
tively. 
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6. Summary 

6.1 Conclusions

Studies have been made on modeling the optical absorption spectrum and 
the absorption peak during increasing lithium intercalation in sputtered 
amorphous thin films of tungsten oxide. It was found that the comparison 
with the Bryksin model was good and that the optical activation energy was 
nearly the same, while the Fermi level and the absorption band width in-
creased, when the model parameters were extracted for increasing intercala-
tion levels. 

It has been found that an as-deposited blue film of amorphous tungsten ox-
ide can be sputtered in a narrow range of oxygen/argon gas flow ratio. Such 
a film has nearly the same shape of the absorption coefficient as a slightly 
more oxygen rich, as-deposited transparent, films that has been intercalated 
with a small number of lithium ions (~0.03 Li/W). The as-deposited blue 
film can be electrochemically bleached by applying a potential of above 4 V. 
After initial bleaching these films show optical reversibility during cyclic 
voltammetry. It was found that this kind of film has a higher absorption co-
efficient, optical density and coloration efficiency than films with higher 
O/W ratio. It was observed, during a simultaneous optical lifetime stability 
test, that when such a film was laminated with a vanadium doped nickel 
oxide film, in a smart window device, a higher cyclic stability and a lower 
degradation was found compared with devices prepared and mounted in the 
same way except that the other tungsten oxide films were deposited with 
different O2/Ar gas flow ratios giving less oxygen deficient substoichiomet-
ric compositions. 

Less charge can be inserted in a more oxygen deficient film than in a less 
oxygen deficient film and charge can be even trapped in a stoichiometric 
film during the first electrochemical cycle. During this cycle the stoichiomet-
ric film show a blue color. Such a film cannot be electrochemically bleached 
to transparency, at least using a potential of 4 V. 

There have also been investigations on the influence of sputtering condi-
tions on the absorption coefficient. It has been verified, for transparent sub-
stoichiometric W oxide films, that a decrease in oxygen gas flow increases 
the absorption coefficient and the optical density upon Li intercalation. It has 
been observed that a decrease in sputter pressure also increases the optical 
absorption while the sputtered power seems not to have any influence on the 
absorption. The statement is also valid for the average transmit-
tance/absorption in the solar and luminous spectrum. 
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The radius of the polaron wavefunction has been estimated for different in-
tercalation levels of two substoichiometric films. The radius increases from 
about 0.5 to 4 Å during lithium intercalation to Li/W ratios 0.15 to 0.5. 

6.2 Suggestions for future work 

An as-deposited blue film has been bleached, by applying a potential of 
around 4 V, in this work. It was suggested that the bleaching was due to 
oxygen decomposition of the electrolyte. This suggestion has not been con-
firmed which give reasons for future investigations. 

It has been observed that the total optical absorption (integrated absorption 
coefficient) in lithium intercalated substoichiometric tungsten oxide films as 
a function of the Li/W ratio show increased and shifted absorption peaks 
towards decreasing x as the O/W ratio decreases. The increased absorption 
behaviour might be due to the density variations between the films while the 
absorption shift, which is very small, needs to be further measured an ana-
lysed in order to give conclusive results. 

The mapping of the density of states (near the Fermi level) is very crucial for 
understanding the coloration and bleaching process of the electrochromic 
films. Techniques have been used to determine the DOS in different electro-
chromic oxides but there is also a need to verify the results from these tech-
niques.

A stoichiometric W oxide film become blue and is optically irreversible 
when it is intercalated with sufficiently many lithium ions. This process is 
supposed to be due to trapping of lithium ions, which forms lithium oxide in 
the film. Lithium oxide shows no colour and the film is blue, although the 
stoichiometric film is supposed to contain a very small number of W5+ sites, . 
Hence it is not understood why the film is optically irreversible and blue in 
this case. 

Temperature dependent Hall measurements on intercalated a-W oxide films 
could give valuable information about the charge carrier concentrations and 
the mobility. Such measurements could not only show how many of the in-
serted electrons actually are responsible to the conductivity but also give the 
polaron mobility for different film compositions. 



61

7. Optisk absorption och elektrisk led-
ningsförmåga i tunna filmer av litium 
interkalerad amorf elektrokrom wolf-
ram oxid 

7.1 Inledning 

I denna avhandling har behandlats och studerats främst de optiska och något 
om de elektriska egenskaperna i tunna skikt/filmer av oordnat/amorft litium 
dopat wolfram oxid. 

Innehållet i denna sammanfattningsdel är uppdelat enligt följande: 
1) Första kapitlet ger en kort inblick i en viktig optisk egenskap som 

wolfram oxid har. Denna egenskap, som även några andra oxider 
har, kallas elektrokromism. I detta kapitel beskrivs även en del av 
tillämpningarna. 

2) Andra kapitlet handlar om hur wolfram oxiden tillverkats, hur fil-
merna karatäriserats och vilken teori som tillämpats. 

3) Slutligen visas några av de viktigaste resultaten. 

7.2 Elektrokromism 
Det finns material som kan ändra färg då en elektrisk spänning läggs på. 

Denna egenskap kallas elektrokromism. Dessa material, som oftast är av 
oorganiska oxider av övergångsmetaller, kan visa olika färg beroende på 
vilken oxid som används. Färgen i sådana material kan göras steglöst mörka-
re ju högre spänningen är samt ljusare och mer transparent då polariteten 
vänds. En fördel är att färgen och transparensen kan bibehållas under en 
längre tid även då spänningen stängs av. 

Egentligen finns det två sorters elektrokroma oorganiska material. Den ena 
sorten färgas katodiskt och det innebär, i vårt fall, att om den elektriska 
spänningen leder elektroner in i materialet så färgas det. Elektrokemiskt kan 
detta göras enkelt genom att även föra in små envärda positiva, laddnings 
balanserade, joner såsom H+ eller Li+. Införsel av Na+ och K+ går också men 
de är inte lika effektiva. Utförsel av joner och elektroner genom att polarite-
ten vänds ger som beskrivits ovan en blekning mot en mer transparent oxid. 
Oxider av W, Ti, Mo och Nb har dessa egenskaper. Den andra sorten färgas 
anodiskt och det innebär att om den elektriska spänningen leder elektroner in 
i materialet så blir materialet ljusare istället och mörkare då elektroner leds 
ut. Oxider av Ni, Ir, Mn och Co har anodiska egenskaper. Som beskrivits 
ovan så finns det två sorters elektrokroma material, katodiska och anodiska, 
med kompletterande optiska egenskaper. Detta kan utnyttjas så att kontrasten 



62

mellan absorptionen (färgningen) och transparensen enkelt kan förstärkas 
genom ett ”smart fönster” som här illustreras i fig I. Bilden visar två fönster-
glas som först belagts med ett tunnt skikt av en genomskinlig elektrisk leda-
re. Ovanpå detta har på vardera delarna belagts ett katodiskt och ett anodiskt 
elektrokromt tunnt skikt. En elektrolyt, dvs en lösning som leder joner bra, 
har lagts emellan de båda elektrokroma skikten som laminerats ihop till en 
komponent. Jonerna, och elektronerna i den yttre kretsen, kan sedan drivas 
fram och tillbaka emellan de elektrokroma tunna skikten med hjälp av en 
pålagd spänning över de genomskinliga elektriska ledarna. 

Amorfa och tunna skikt, på några tiondels mikrometer, av sådana material 
har visat sig ha många användningsområden, speciellt inom den optiska tek-
nologin. Eftersom skikten är så tunna beläggs dessa på substrat/underlag. 
Om substratet är glas kan ett fönster med varierande genomskinlighet till-
verkas vilket kan leda till mindre luftkonditionering och lägre energiförbruk-
ning i hus och byggnader eftersom inte bara de synliga våglängderna utan 
även värme instrålningen kan minskas under till exempel varma sommarda-
gar. Andra skäl som kan nämnas är att komforten ökas och att man kan få ett 
varierbart insynsskydd. Om istället substratet är av plast blir sådana anord-
ningar betydligt lättare. Dessa kan då användas i till exempel fönster i flyg-
farkoster, visir i motorcykelhjälmar och ögonskydd i sporter som utförsåk-
ning. Om substratet däremot är en spegel kan optiskt varierbara bilbackspeg-
lar tillverkas. Backspeglarna har för övrigt varit på marknaden i många år. I 
dessa sammanghang har amorf wolfram oxid haft de bästa optiska egenska-
perna alltsedan oxiden för första gången genomgått, av Deb 1969, en upp-
märksammad studie som riktats mot tillämpningar. 

I kristallina tunna skikt däremot, till exempel amorfa material som upphet-
tats, kan ytan göras termiskt lågemitterande det vill säga infrarött (IR) reflek-
terande eller högemitterande, IR absorberande. Detta innebär att genom att 
variera den termiska emittansen så kan temperaturen på ytan kontrolleras. En 
sådan anordning som kan kontrollera sin yttemperatur är viktigt i rymdfar-

Figur I Schematisk illustra-
tion av en elektro-
kromisk anordning 
– ett “smart föns-
ter”. Bilden belyser 
också vilken funk-
tion ett katodiskt 
och ett anodiskt 
elektrokromt tunnt 
skikt har i ett sådant 
fönster. 
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koster såsom satelliter som kan utsättas för stora temperaturförändringar 
mellan planet/månskugga och solljus. 

En omfattande översikt av de optiska och elektriska egenskaperna i de 
vanligaste inorganiska elektrokroma materialet finns att läsa i Granqvist´s 
Handbok.

7.3 Wolfram oxid filmer-Tillverkning, analys och teori. 
I detta arbete har, cirka 0.3 µm tunna skikt, av oordnad (amorf för rönt-

genvåglängder) wolfram oxid, som tillverkats genom likströmsriktad magne-
tron sputtring, belagts på underlag gjort av , transparent och elektriskt ledan-
de tunna skikt (0.04 µm) av Indium tenn oxid (”ITO”, In2O3:Sn med resi-
stans 60  per ruta) med, cirka 1 mm glas som substrat. (Vid de elektriska 
mätningarna av oxiden har dock ITO´n delvis blivit bortetsad från glaset.) 
Wolfram oxiden har under arbetet tillverkats med olika syremängd som vari-
erat från cirka WO2.63 till WO3.00 enligt mätningar från jon stråle analyserna 
Rutherford Backscattering Spectroscopy (RBS) och Elastic Recoil Detection 
Analysis (ERDA). Envärda och positiva litium joner och laddnings balanse-
rade elektroner har sedan införts elektrokemiskt i materialet med varierande 
interkalationsnivåer från 0 till cirka 2 Li/W. Proven kan generellt ges av 
formeln LixWOy där 0  x  2, 2.63  y  3.00. Wolfram oxiden har visat sig 
vara oordnad genom mätningar med röntgen diffraktion. Ur spektrofotomet-
riska mätningar av reflektansen och transmittansen i våglängderna 2.5 till 0.3 
µm (0.5-4.1 eV) har absorptions coefficienten, den total absorberade energin 
och den totala absorptions koefficienten, kunnat beräknats. För de tempera-
tur beroende elektriska mätningarna på litium interkalerad W oxid så har 
proven under resistans mätningarnas förlopp kylts ner till 77 K med hjälp av 
flytande kväve. 

Den optiska absorptionen i amorf W oxid utgår från de införda elektroner-
na. Under interkalationen placerar sig varje elektron vid varsin wolfram 
atom så att atomens laddning ändras. Elektronen blir av egen kraft infångad i 
en relativt stor potential brunn. Därigenom blir elektronen lokaliserad nära 
W atomen. I vårt fall leder lokaliseringen att närliggande W atomer dras till 
och närliggande O atomer dras från den lokaliserade elektronens W atom. 
Omgivande atomer förskjuts från sitt ursprungliga läge under påverkan av 
den införda elektronen. Förskjutningen påverkar bindningarna, det vill säga 
krafterna mellan atomerna och fononerna. Elektronen och omgivande fono-
ner betecknas som en kvasipartikel och kallas för en polaron. Polaronen kan 
under påverkan av ljus energi hoppa till en annan W atom och på så sätt 
absorbera en viss mängd av ljusenergin så att färgen i W oxid blir blåare ju 
mer elektroner som inkorporerats i materialet. Detta ger dock inte svar på 
frågan varför W oxid får större optisk absorption ju mindre syre oxiden in-
nehåller, inom en begränsad komposition som är mindre än, eller ungefär 
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som, den stökiometriska kvoten O/W=3 (WO3). Denna fråga och liknande 
frågor har behandlats i detta arbete vilka har redovisats kortfattat i resultat 
delen.

7.4 Resultat 

Absorptions koefficienten i amorf W oxid har för ett antal varierande litium 
interkalations (absorptions) nivåer jämförts med en modell som utgår från 
polaroner. Modellen som baseras på elektroniska övergångar mellan band av 
normalfördelade tillståndstätheter av lokaliserade energi nivåer nära Fermi 
nivån är ihopsatt av 3 normalfördelade funktioner med olika väntevärde och 
standardavvikelse. Från jämförelsen med modellen har Fermi nivån, band 
bredden och den optiska aktiverings energin beräknats allteftersom absorp-
tionen ökat. 

I en annan undersökning har medelvärdet av transmittansen och reflektan-
sen i solens spektrum och ögats känslighets spektrum för olika nivåer på 
absorptionen hos LixWOy mätts. Det har visat sig att infärgningsförmå-
gan/effektiviteten är större hos filmer som sputtrats med lågt tryck och me-
dellågt O2/Ar gas flöde medan sputter effekten synes ej påverka något. 

I ett arbete, som handlar om vilka W oxid filmer med olika kompositioner 
i ”smarta fönster” anordningar som är optiskt bäst och uthålligast under på-
verkan av simultant långtids test, det vill säga optisk cykling mellan mörkt 
och ljust under lång tid, har det visat sig att filmer med låg syreinnehåll 
(O/W=2.63) håller längst. Denna film är dock redan efter tillverkningen blå 
och absorptionen liknar också den absorption som kan synas i lågt interkalle-
rade filmer. Den efter tillverkning blåa filmen kan efter elektrokemisk be-
handling med rätt spänning göras genomskinlig. Den optiska reversibiliteten 
under elektrokemisk cykling av denna film är inte så annorlunda än för andra 
filmer förutom att färre laddade partiklar (joner och elektroner) transporteras 
i denna film än för filmer med högre syreinnehåll. 

Den temperatur beroende elektriska ledningsförmågan i sådana filmer med 
olika interkalations nivåer har också studerats. Detta arbete gav att logarit-
men av ledningsfömågan mellan rumstemperatur och 77 K, och interkala-
tionsnivåer upp till 0.5 Li/W kvoter, följer linjärt en Tt

-1/4 relation, där Tt är 
temperaturen. Denna relation kallas för ”variable range hopping” (VRH) 
modellen. Efter att den elektroniska tillståndstätheten vid Fermi nivån har 
uppskattats har polaronens radie uppskattats öka från ½ till 4 Å när Li/W 
kvoten ökar från 0.15 till 0.5. 
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