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1. Introduction 

1.1 Background 
Thin film devices for windows, mirrors, rechargeable Li ion batteries, space 
applications and other purposes, have become an essential part of modern 
technology1,2. A great advantage with a thin film device is the small amount 
of material used and the compact volume of the device. The latter is a 
prerequisite for many applications like batteries for cellular phones and 
portable computers. The deposition techniques, suitable for large-scale 
industry production and with control over the process down to the atomic 
level, also help make the devices commercially attractive. Thin film coatings 
may be tailor made to suit a certain purpose. In an energy efficient window 
in a warm climate for example, a coating that is transparent to visible light 
but reflecting in the near infrared region may be used, thereby preventing 
overheating inside the building3. However, in many countries with temperate 
climate a static coating is not sufficient. Thin film coatings like 
electrochromic devices, enable us to control for example thermal transfer 
and optical properties and thus they play an important role in applications 
like thermal regulation of satellites and energy efficient windows. The main 
advantage of an electrochromic device is that it can regulate the troughput of 
solar energy or visual light which gives larger energy savings than a static 
coating would. On a satellite an electrochromic device that can regulate the 
thermal emittance can provide good thermal insulation or prevent 
overheating depending on the circumstances.  

Dynamic control of thin film device properties are usually obtained by 
the application of a potential with a resulting charge transport. To understand 
this charge transport, thus becomes of great importance to improve, develop, 
and invent new thin film devices. In this thesis charge transport in transition 
metal oxide thin films and electrochromic devices has been studied using 
dielectric and electrochemical methods. The dielectric methods used are 
impedance spectroscopy (IS), the isothermal transient ionic current 
technique (ITIC) and current-voltage measurements. The electrochemical 
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methods include the galvanostatic intermittent titration technique (GITT) 
and electrochemical impedance spectroscopy (EIS). 

1.2 Transition metal oxides 
The transition metals are found in the three rows between the alkali metals 
(Ca, Sr, Ba) and the noble metals (Cu, Ag, Au) in the periodic table. Each 
row contains eight transition elements in which the electron d-shells, that is 
empty in the alkali metals and filled in the noble metals, are gradually 
filled4. The transition metals can form compounds with many other 
materials, for example carbides, nitrides and oxides. The transition metal 
oxides are semiconductors that display a wide variety of electrical properties. 
The metal ion is very small compared to the oxygen ion and therefore it is 
the oxygen ion that determines the size of the unit cell. Because of the size 
difference, the oxygen ions are in contact with each other while the metal 
ions are not. Thus, the oxygen valence electrons, the 2p orbitals, overlap 
forming relatively broad, filled energy bands5. Since the metal ions are not 
in contact with each other their valence electrons, the d-orbitals, form narrow 
energy bands or localized states5. This leads to high effective electron mass 
and low mobility. The transition metal oxides are also known to have high 
hardness and a high melting point5.  

In this work, the focus lie on monoclinic and cubic ZrO2 and anatase 
TiO2 thin films. ZrO2 is a possible ion conductor in an all-thin-film 
electrochromic device and is being exploratory implemented as such in 
thermal emission control devices for space applications. Thin film ZrO2 is an 
insulating material with a high dielectric constant that is dependent on the 
method of deposition but varies between 18 for films produced by chemical 
vapor deposition6-8 and ~10 for sputtered films9. The highest valence band 
is a mix between oxygen 2p and zirconium 4d orbitals while the conduction 
band is mainly zirconium 4d orbitals10-12. The band gap is 5.12 eV for 
chemical vapor deposited thin films6 while for sputtered thin films a value of 
4.1 eV has been reported13. At room temperature the monoclinic form is 
stable with a phase transition to tetragonal structure at about 1150° C14. At 
temperatures above 2300° C the cubic structure is stable. It is possible to 
stabilize the cubic and tetragonal structures of ZrO2 at room temperature by 
replacing some of the Zr atoms with Ca, Y or Ln ions15, 16. With the 
application of stress or by introducing a deviation from the stoichiometric 
composition, a similar effect is achieved10,17. Anatase TiO2 thin film 
displays cathodic electrochromism, i.e. like WO3 it colours upon 
intercalation of positive ions2. Of the two main phases, the rutile and the 
anatase phase, it is only the anatase that is electrochromic. The anatase type 
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transforms to the more stable rutile structure when heating to ~900 °C. The 
band gap of anatase TiO2 is 3.4 eV independently of deposition method. The 
band gap of rutile TiO2 is however significantly narrower.  

Out of the other transition metal oxides, a few more will appear in this 
treatise. Ta2O5 that is also a candidate as an ion conductor in a thin film 
electrochromic device has been compared with ZrO2 in a collaboration with 
other group members. The transition metal oxides NiOxHy and WO3 are 
active layers in the electrochromic devices that have been studied. 

1.3 Electrochromic devices 
It is among the transition metal oxides that the most well documented 
electrochromic materials are found. Out of the twenty four transition metals, 
five form oxides with cathodic colouration, namely Ti, Nb, Mo, Ta and W. 
Seven others, Cr, Mn, Fe, Co, Ni, Rh and Ir form oxides with anodic 
colouration, and vanadium may experience both kinds2. An electrochromic 
material is able to change its optical performance upon insertion and 
extraction of ions. A material with cathodic colouration darkens upon 
insertion and an anodic material upon extraction of ions. Charge balancing 
electrons accompany the ions and thus there will be a variation in the 
electron density and Fermi level upon insertion and removal of ions18.  

In Fig. 1.1, a schematic picture of an electrochromic device is shown1. As 
can be seen, the device consists of several layers. Starting from the right in 
the figure is a glass substrate coated with a transparent electronic conductor, 
often In2O3:Sn (ITO). Next comes an electrochromic layer, usually WO3, 
which is the active layer of the device, able to reversibly change its optical 
properties upon insertion and withdrawal of ions and accompanying, charge 
balancing electrons. An ion conductor through which the ions pass when 
they are shuttled between the electrodes comes after this active layer. The 
ion conductor is necessarily insulating to electrons. The second electrode is 
the ion storage layer, which can be transparent at all times or complementary 
electrochromic, i.e. darken upon withdrawal of ions since WO3 darkens upon 
insertion of ions. Last comes a second transparent electronic conductor that 
might be followed by another glass substrate 
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Fig. 1.1 Schematic picture of electrochromic device.  

In an electrochromic device a power source is applied to the outer circuit, 
which sets up an electric field that moves ions between the electrodes via the 
electrolyte, changing the optical properties of the electrochromic electrode(s) 
upon insertion and extraction of the ions. The optical performance can thus 
be modulated by shuttling small ions, such as Li+ and H+, through an ion 
conductor while the charge balancing electrons are driven through the outer 
circuit by the applied voltage. For window or space applications a liquid 
electrolyte is unsuitable, instead a transparent polymeric ion conductor or a 
thin film ion conductor are used2, 19, 20. An ion conductor has to show good 
thermal and electrochemical stability and in addition an ion conductor in a 
device for optical modulation has to be stable under ultraviolet irradiation. 
The search for such materials is ongoing and several have been put forward 
as possible ion conductors. Ta2O521 and Li3N22 are among the interesting Li 
ion conductors found in literature. 
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2. Experimental Procedures 

2.1 Thin Film Deposition 
There are different ways to produce thin oxide films23, and they may be 
divided in three broad categories depending on their nature, namely, 
physical, chemical and electrochemical deposition methods. Among the 
most commonly used physical methods are sputtering and evaporation, 
chemical methods include chemical vapor deposition (CVD) and atomic 
layer deposition (ALD) and well-known electrochemical methods are 
anodization and electrodeposition. In this study it has been important to use 
well-controlled methods with high reproducibility that can be used when 
producing commercial thin films and solid state devices2. Therefore the thin 
films have been deposited by sputtering and ALD. Sputtering is a technique 
with which it is easy to produce thin uniform films and it is possible to 
modify the structure and stoichiometry of the deposited films by varying the 
process parameters such as pressure and temperature. Using ALD, dense, 
well-adherent films can be produced with control of the composition and 
thickness of the film down to the atomic level. In the laboratory, the choice 
of method, of course, also depends on what facilities are available. 

2.1.1 Sputtering 
A schematic picture of the sputtering system is shown in Fig. 2.1. The target, 
i.e. the raw material for the coating, and the substrate onto which the film 
will be deposited are put into a vacuum chamber. An inert gas is present in 
the chamber and by applying a sufficiently large voltage between the target, 
acting as cathode, and the substrate, acting as anode, ionization of the gas 
takes place and a glow discharge can be set up. Usually argon is used since it 
is both inert and the atoms are heavy. Energetic argon ions bombard the 
target knocking out atoms and secondary electrons. The atoms are 
transported towards the substrate where they are condensed to a thin film.24 
The secondary electrons, also moving towards the anode, collide with the 
argon atoms, ionize them and thus sustain the glow discharge. In order to 
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produce, for example, an oxide or nitride, reactive sputtering can be 
employed. A second gas, e.g. oxygen or nitrogen, is let into the chamber and 
reacts with the target atoms on their way toward the substrate. The 
deposition rate may be increased by magnetron sputtering. A magnetic field 
is superimposed on the electric field between the target and the substrate 
making the secondary electrons move in semi-circular paths below the 
target. They will thus spend longer time in the plasma and undergo multiple 
collisions with the argon atoms, which will increase the number of ions 
hitting the target. Instead of achieving an increased deposition rate, 
magnetron sputtering can be used to lower the sputtering pressure, 
something that minimizes the defects in the film25. 
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Fig. 2.1 Schematic picture of sputtering system. The glow discharge ionizes Ar 
atoms to Ar+ that knocks metal atoms and secondary electrons out of target. The 
metal atom reacts with oxygen and form an oxide that condenses on the substrate. 
 
The thin films under study prepared by reactive dc magnetron sputtering 
were ZrO2, Ta2O5 and TiO2. For the deposition of ZrO2 a Balzer UTT 400 
sputtering unit where the target-substrate distance was 13 cm was used. The 
sputter parameters for ZrO2 were chosen according to an earlier study26 
where ZrO2 was first suggested as an ion conductor for an electrochromic 
device. The target was a 5-cm-diameter plate of Zr (99.9%) and the 
sputtering took place in an atmosphere of Ar (99.998%) mixed with O2 
(99.998%). The gas flow rates were 2.5 ml/min for O2 and 30 ml/min for Ar, 
the O/Ar ratio thus being 0.083, and the total gas pressure was about 25 
mTorr. The power on the Zr target was kept at 275 W and the deposition 
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rate, obtained by dividing the film thickness with the deposition time, was 
0.4 nm/s. Deposition took place onto unheated glass substrates precoated 
with a layer of transparent and conducting ITO27, 28 having a sheet 
resistance of 15 Ω per square. A part of the substrate was masked during 
deposition with a stripe of Teflon sticky tape to facilitate thickness and 
electrical measurements. During deposition the substrate was rotated to 
increase the homogeneity of the films.  

Thin films of Ta2O5 were deposited by reactive pulsed dc sputtering, 
using a Von Ardenne 600 CS equipment. A tantalum target of 99.99% purity 
was attached to a water-cooled planar magnetron with a diameter of 125 
mm, and connected to the power supply through an Advanced Energy pulse 
generator. The pulses were generated with a frequency of 20 kHz and the 
discharge power was kept constant at either 1000 W or 800 W  throughout 
the deposition process. The gas mixture was high purity Ar and O2 and the 
gas flow rate of Ar was 50 ml/min. The O2 flows were kept at 23 ml/min for 
the films of deposited with discharge power 1000 W and 25 ml/min in the 
process with a discharge power of 800 W. In this way two different types of 
Ta2O5 thin films were obtained, the former denoted type 1 and the latter type 
2. The total pressure during deposition was 10 mTorr and the deposition 
rates were 27.3 nm/s and 9.7 nm/s for the samples prepared at high and low 
discharge power, respectively. Deposition took place on aluminum covered 
silicon wafers.  

The TiO2 thin films, finally, were deposited in a stainless-steel laboratory 
sputtering system with a water-cooled dc planar magnetron cathode. A  
20.6×8.4 cm2 titanium target with a purity of 99.9% was used. The sputtering 
took place in an atmosphere of mixed Ar and O2 with an argon gas flow of 
60 ml/min and an oxygen gas flow of 0.6 ml/min. The applied dc power was 
200 W and the target to substrate distance was 12 cm. 

2.1.2 Atomic Layer Deposition 
Atomic Layer Deposition, ALD, is a surface-controlled process where a 
solid thin film material forms from a gaseous state by way of a chemical 
reaction at the surface of a substrate29. The process starts with a transport of 
one of the reactants to the vicinity of the substrate surface followed by a 
diffusion of the reactant to the substrate surface where it is adsorbed. After 
the reactant is adsorbed, an inert gas is let through the chamber to remove 
any unwanted or excessive material, then the next reactant is let into the 
chamber in the same manner as the first one. On the substrate surface the 
chemical reaction takes place between the reactants and the deposited 
material is incorporated into the lattice. The other, unwanted, reaction 
products desorbe and diffuse away from the substrate surface and are finally 
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transported away from the deposition zone. By only letting one of the 
reactants at a time into the chamber and purging with an inert gas in 
between, the reactants are well separated in time and space and only allowed 
to form one monolayer at a time. It is also of great importance that the 
substrate surface is saturated each time a reactant is let in. In this way the 
growth rate becomes proportional to the number of reaction cycles, and not 
the intensity of the reactant flux, assuring good control over composition and 
thickness.  

The ALD process is schematically pictured in Fig. 2.2. 

a)

c)

b)

d)

 
 
Fig 2.2 A schematic picture of ALD. At a) the first reactant is transported to the 
substrate surface where (b) it is absorbed, saturating the surface area. The next 
reactant is let in (c) and a chemical reaction takes place at the substrate surface. 
Reaction products are transported away. Finally (d), one monolayer of the wanted 
substance remains. 

The ALD-ZrO2 films under study were grown in an F-120 ALD reactor30 
onto indium-tin-oxide (ITO) substrates at 300 ºC. ZrCl4 (Aldrich, 99.9 %) 
was evaporated inside the reactor at 160 ºC. Water vapour was let into the 
reactor from reservoirs held at room temperature. The ZrCl4 pulse length 
was 0.4 s, the purge times and H2O exposure times were all 0.5 s. The 
amount of growth cycles applied was either 2750 or 1400. 
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2.1.3 Device manufacturing 
Two different kinds of electrochromic devices have been investigated in this 
study, laminated devices and all-thin-film devices, also called all-solid-state 
devices. In the laminated devices one 300 nm thick layer of NiOxHy and one 
300 nm thick layer of WO3 were deposited onto separate In2O3:Sn (ITO) 
covered glass substrates by dc magnetron sputtering at room temperature31. 
They were then laminated together with a polymeric ion conductor acting as 
electrolyte. The electrolyte was prepared mixing polyethylene glycol of 
average molecular weight 400 (PEG 400) and lithium 
trifluoromethanesulfonate (LiSO3CF3) for 12 h at 70 oC and with a ratio 
ether oxygen /lithium (O/Li) = 10. The salt and the oligomer were previously 
dried at 10-5 mbar at a temperature of 80 and 120 oC, respectively.  

The all-thin-film device consisted of NiOxHy, ZrO2 and WO3, sputtered 
sequentially from one target at the time, while the samples were taken out of 
the chamber during target change. Short circuits can occur between the 
NiOxHy and WO3 layers at the edges of the sample where deposition may be 
less homogenous and the films thus may get in contact with each other. To 
avoid this, the edges of the different films were separated by sputtering 
through a shadow mask. On top of the stack an aluminium grid was 
deposited by evaporating through a shadow mask. Ions were introduced into 
the device by adding hydrogen to the sputtering atomsphere during the 
deposition of NiOxHy. The deposition was done at room temperature by dc 
magnetron sputtering, using a Balzers UTT 400 system, from 2 inch 
diameter targets. The total gas pressure was 30, 21 and 30 mTorr for 
sputtering of NiOxHy, ZrO2, and WO3, respectively and the O2/Ar ratio was 3 
to 10,  2.5 to 30 and 7 to 15 ml/min for sputtering of of NiOxHy, ZrO2, and 
WO3, respectively. The hydrogen gas flow, added during the NiOxHy 
sputtering was 5 ml/min. The substrate was glass covered with In2O3:Sn 
(ITO) with a resistance of 15 Ω/□. 
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2.2 Structural and Compositional Characterization 

2.2.1 Thickness Measurements 
The film thickness of sputtered ZrO2, TiO2 and Ta2O5 was determined by 
surface profilometry using a Tencor Alpha Step 200 mechanical stylus 
instrument. A diamond stylus was scanned horizontally over the surface and 
registered the difference in height at the step created by masking the 
substrate during deposition as described above. The stylus is a 60° cone 
rounded to a spherical tip with a radius of 12.5 µm. The resolution of the 
instrument in height is 5 Å. The film thickness of ALD-ZrO2 was 
calculated32 from the optical transmission spectra obtained by means of a 
Hitachi U-2000 spectrophotometer. 

2.2.2 X-ray Diffraction  
X-ray diffraction can be used to determine the crystalline structure of 
different materials. It gives information about phase composition, grain size, 
defect structure and preferred orientation33. When exposing a sample to a 
beam of X-rays the material diffracts them and the diffracted intensity may 
be detected as a function of the angle 2θ between the incident and diffracted 
beam. When the difference in path length for rays diffracted from different 
atomic planes is equal to an integer n times the wavelength λ, the 
interference is constructive and will give a peak in the intensity spectrum. 
This is described by Bragg’s law as 

 
θλ sin2dn =                         (2.1) 

 
where d is the distance between two atomic planes and θ is the Bragg angle. 
The angle of incidence was scanned from 12.5 to 25°. The diffractograms for 
the sputtered ZrO2  were obtained using a Siemens D5000 diffractometer 
with a Cu anode. The ALD-ZrO2 films were examined with a Philips MPD 
1880 powder X-ray diffractometer using CuKα radiation and the Bragg-
Brentano geometry.  

2.2.3 Rutherford Back Scattering 
Rutherford Back Scattering (RBS) is a non-destructive technique used for 
elemental analysis and depth profiling33. Alpha particles with energies in the 
MeV range bombard the material and are back scattered by elastic collisions 
with the nuclei of the atoms. The energy loss is discrete and characteristic of 
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the type of atom. On their way through the material, the alpha particles 
continuously lose energy due to interactions with electrons. The width of the 
back scattering peak is because of this proportional to the film thickness. 
RBS also gives the areal concentration (atoms/cm2) which can be used for 
density calculations if the film thickness is known. The RBS measurements 
were made at the Tandem laboratory at Uppsala University. 

2.2.4 Elastic Recoil Detection Analysis 
Elastic Recoil Detection Analysis (ERDA) is similar to RBS but with the 
important difference that with ERDA both light and heavy elements can be 
detected. This is especially important when the hydrogen concentration is of 
interest. The basic idea is that an incident particle hits the sample at an off-
normal angle. The sample atoms recoil elastically and are collected in order 
to acquire information of the target composition34. The energy of the 
incident particle is of the order of 106 eV. The ERDA measurements were 
made at the Tandem laboratory at Uppsala University and at University of 
Helsinki, Finland. 

2.3 Dielectric Methods 
When measuring in the frequency domain an alternating field is applied and 
the frequency of the field is varied. There are many different ways of 
presenting dielectric data in the frequency domain35. Some of the most 
common plots are permittivity vs. frequency, ( )ωε , conductivity vs. 
frequency, ( )ωσ , impedance vs. frequency, Z ( )ω  and capacitance vs. 
frequency, C ( )ω . With these plots different relaxation processes can be 
discerned. All of these properties may also be plotted as complex functions, 
i.e. as the imaginary vs. the real part, with the frequency as a parameter. 
Equivalent, series and parallel, circuits of resistors and capacitors can be 
fitted to these kinds of plots. In the time domain an electric field with a time 
dependence of a pulse function or of a step function is applied and the 
current as a function of time is measured. 

2.3.1 Impedance Spectroscopy 
The dielectric function of the different thin films was measured with 
impedance spectroscopy (IS) using a Novocontrol broadband dielectric 
converter together with a Solatron 1260 frequency response analyzer. The 
sample cell was a Quiet CHUCK dc hot chuck system with temperature 
control. The measurements were performed at temperatures between 10 °C 



 12

and 200 °C. A metal contact, evaporated on top of the film, and the 
conducting substrate were connected to tungsten probes in the sample cell. 
An ac signal with an amplitude within the ohmic region of the film, usually 
between 0.01 and 1.5 V, was applied and the frequency scanned from 1 MHz 
down to 1 mHz.  

2.3.2 Intermittent Transient Ionic Current  
The same sample cell as for the impedance spectroscopy connected to an 
ECO Chemie Autolab/GPES interface was used for measuring the 
isothermal transient ionic current (ITIC)36, 37. A potential step of 1 V was 
applied over the sample and the resulting current was measured as a function 
of time. If ion blocking metal electrodes are used any ionic current should 
vanish after a sufficiently long time and any remaining current be due to 
electrons. 

2.3.3 Current-Voltage Characteristics 
The same sample cell connected to an Ecochemie Autolab/GPES interface 
was used for measuring current as a function of voltage, so called I-V 
curves. A linear sweep method with a scan rate of 0.02 V/s and voltage step 
of 0.02 V was used. The potential was scanned back and forth between 0 and 
9.5 V.  

2.4 Electrochemical Methods 
Intercalation and deintercalation of ions and charge compensating electrons 
into and from a host material, e.g. a thin film metal oxide, is a reversible 
process that can be used to study the transport mechanisms of ions in the 
material. The electrochemical measurements were carried out at room 
temperature, using a standard three-electrode set up with the metal oxide 
film as working electrode as can be seen in Fig. 2.3. For Li+ intercalation, Li 
foils were used as counter and reference electrodes while a Ag/AgCl 
reference electrode and a platinum counter electrode were used for proton 
intercalation. The electrodes were immersed in 1M LiClO4 in propylene 
carbonate for the Li+ intercalation and 1M H2SO4 for the proton 
intercalation. The measurements were performed in a glovebox under Ar 
atmosphere with humidity less than 3 ppm for the Li+ intercalation and in 
ambient atmosphere for the proton intercalation. The electrochemical cell 
was controlled by an ECO Chemie Autolab/GPES interface.  
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Fig. 2.3 The typical electrochemical cell set up with a working electrode (W), a 
reference electrode(R) and a counter electrode (C).  
 

2.4.1 Galvanostatic Intermittent Titration Technique 
To study the intercalation process and to obtain the Li ion diffusion 
coefficients, the galvanostatic intermittent titration technique (GITT) was 
used. This technique is based on chronopotentiometry and combines both 
transient and steady state measurements38. During the measurement a 
constant current I0 was applied for a time τ. Ions were thus intercalated into 
the film and the potential decreased from its initial steady state value. After 
the time interval τ, the current pulse was interrupted and the potential was 
allowed to relax to a new steady state value. This procedure was repeated 
until the composition interval of interest was covered. In Fig. 2.4 a schematic 
picture of the procedure is depicted. The composition x, i.e. the Li/Me ratio, 
is obtained by  
 

atomsmetalofnumberq
iI

x
 

10τ=                        (2.2) 

where i is the number of current pulses and q is the elementary charge. The 
number of Me atoms is obtained from the density of the film. 
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Fig 2.4 Current pulses (above) and corresponding voltage response. 

∆Us is the difference in steady state potential before and after the current 
pulse, ∆Ut is the total change in potential during the pulse and the IR drop is 
the voltage drop due to the electrolyte resistance and the effect of e.g. the 
interface barrier. The steady state values give the electromotive force versus 
composition i.e., the steady state potential Us as a function of ion 
concentration inside the intercalation compound. From ∆Us and ∆Ut, the 
diffusion coefficient D~  can be obtained as38 

 
224~











∆
∆

=
tU
sUwD

πτ
,                        (2.3) 

where  w is the film thickness and τ the time of the current pulse. This 
method is based on a semi-infinite approximation that τ must fulfill the 
requirement  

D
wτ« ~

2
                         (2.4) 

The partial ion conductivity can be obtained from the equation38 



 15

( )2
04

tU
sU

A
wI

eti ∆

∆−
=

π
σ ,                       (2.5) 

where A is the film area in contact with the electrolyte and te is the electronic 
transference number which equals σe/(σi+σe) with σe being the partial 
electron conductivity. 

The GITT technique includes both a transient (current on) and a close to 
equilibrium (current off) part. For intercalation of some ions, e.g. protons, a 
surface layer may be deposited on the metal oxide film during the “current 
on” part of the measurement. This may effect the evaluation of D~  for the 
ions. 
 

2.4.2 Electrochemical Impedance Spectroscopy 
Electrochemical impedance spectroscopy, EIS, is a close to equilibrium 
method with which kinetic and diffusion parameters can be obtained39. For 
proton intercalation into ZrO2, electrochemical impedance spectroscopy 
(EIS) was performed with a Solatron 1286 electrochemical interface together 
with a Solatron 1260 frequency response analyzer. A 5 mV amplitude ac 
signal was superimposed on a dc potential Ueq and the frequency was 
scanned from 1 MHz down to 1 mHz. The impedance response of the 
electrochemical cell was fitted to an equivalent circuit using the Zview 
software40. The measurements were carried out for five different Ueqs 
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3. Electronic Transport Mechanisms 

When investigating the conductivity of thin insulating films, usually less 
than 1 µm thick, it is the high field electrical properties that are of 
importance since even an applied bias of only a few volts will generate fields 
above 104 V/cm. In order to obtain observable currents and to study non-
linear processes, these magnitudes of the electric field are often necessary41. 
Lower fields are possible to use when measuring alternating currents. High 
field behavior in a thin film is often complicated and different electrical 
phenomena are found when the field strength varies. Thus, a single 
conduction process can not always be assumed if the observations are to be 
described accurately.  

Transport mechanisms in vacuum deposited, insulating thin films often 
involve extrinsic rather then intrinsic charge carriers. Activation energies 
less than half the insulator band gap and current densities much higher than 
would be expected in a pure insulator41 are strong indicators of this. Since 
the intrinsic conductivity usually is very small, even a minor amount of 
impurities or defects will make the extrinsic nature of the conductivity 
dominant42. Low electron conductivity in an ion conductor should not only 
be caused by a low electron concentration but rather by a low electron 
mobility43. If only concentration effects would be considered, small 
alterations in stoichiometry could result in a large change of electronic 
conductivity, as could the presence of impurities, which are difficult to 
control. Impurities and non-stoichiometric defects function as donors or 
traps in the band gap. A donor is an impurity that can be ionized, 
contributing the free electron to conduction44. However, the positively 
charged donor center gives rise to a Coulomb potential barrier that the 
electron has to overcome. An outer electric field can lower the potential 
barrier thus making it easier for the electron to escape. A donor is neutral 
when occupied. A trap is due to defects that e.g. exist in grain boundaries or 
are due to the lack of long-range order. Traps are neutral when empty but 
may capture electrons and then release them. An electron escaping from an 
occupied trap has only to overcome the relatively short range force that 
binds it to the trap and not a Coulomb like barrier45. 
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3.1 Band Structure 
The band structure with a well-defined energy band gap between the 
conduction and valence bands is a property of a crystalline solid without 
defects and impurities. For polycrystalline and amorphous materials, which 
is what sputtered and chemically deposited thin films tend to be, this is not 
true. Impurities, defects from grain boundaries and non-stoichiometry result 
in a lack of long-range order that smears out the band edges of the 
conduction and valence bands. Since it is the short-range order that 
determines the essential features of the band structure46 the concept from the 
crystalline case can still be used, though. Instead of the well-defined band 
gap, however, there is a gradual transition from the conduction band with 
freely moving electrons to localized states with donors or traps where the 
electrons are immobilized, as can be seen in Fig. 3.1. Tails of localized states 
extending from the conduction and valence band edges, are called band tails 
and are usually found to have an exponential distribution in disordered 
materials47. Trap and donor states situated in narrow ranges of energies not 
connected to the band tail, may also be present. These states can be due to 
defects such as dangling bonds, vacancies or impurities.  
 

Energy

Localized states

Density of states

εF

 
Fig. 3.1 Band structure of disordered material with localized states of donors and 
traps. εF denotes the Fermi level. 
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3.2 Conduction processes 
The conduction processes are not always limited by the insulator alone, but 
the interactions at the interfaces of the insulator and the electrodes have to be 
taken into account. Different contacts between the insulator and the electrode 
give rise to different interactions that decide whether the conduction 
processes will be bulk-limited or electrode-limited48. The contacts can be of 
three different kinds; blocking, injecting or neutral. At a blocking contact 
electrons flow from the insulator to the electrode creating a depletion region, 
a space charge region of positive charge, in the insulator. The free electron 
density at the interface is much lower than in the bulk of the insulator and 
thus the flow through the interface is rate determining. This kind of 
conduction process is called electrode-limited.  
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Fig 3.2 Blocking contact between metal electrode and insulator. EF denotes the 
Fermi level. 

At the injecting contact electrons are injected into the conduction band of the 
insulator, in order to bring the electrode and insulator Fermi levels to the 
same energy (cf. Fig. 3.3). An accumulation region is created with space 
charges giving rise to a space charge induced field in the insulator. 
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Fig 3.3 Injecting contact between metal electrode and insulator. EF denotes the 
Fermi level. 

The conduction process obtained with this type of contact is bulk-limited 
since the accumulation region acts as a charge reservoir and it is the electron 
flow through the bulk that is rate determining. When the Fermi levels of the 
electrode and the insulator are at the same energy no charge transfer takes 
place and the contact is called neutral.  

For electrode limited processes there are two conduction mechanisms 
mainly contributing to the current. When the film is sufficiently thin, there is 
a finite probability that the electron will pass through the insulator by the 
process known as quantum mechanical tunneling44. The film is sufficiently 
thin if the wave vector of an electron in one of the electrodes has a non-zero 
amplitude in the opposite electrode which usually means the film is less than 
100 Å. Conduction can thus occur by tunneling through the potential barrier 
in Fig. 3.2 with small activation energies49. When the film is thicker and 
tunneling no longer possible, higher temperatures are needed to thermally 
excite the electrons over the potential barrier in Fig 3.2. This process is 
called thermionic emission41. 

The Poole-Frenkel effect50, which is also called field-assisted thermal 
ionization, is a bulk-limited process in which a donor center releases an 
electron into the conduction band. The donor has a Coulombic-type potential 
barrier, i.e. the electron is contained inside a potential well that keeps it to 
the positive center. The potential barrier is lowered when an electric field is 
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applied thereby making it easier to ionize the donor and obtain a free 
electron. If the donor concentration is so high that their potential wells 
overlap the behavior is said to follow Poole’s. law Another kind of bulk-
limited process is the space charge limited current51. Fig 3.3 shows a 
reservoir of free electrons injected into the insulator by an injecting contact. 
When a voltage is applied over the insulator this reservoir will inject 
electrons into the bulk of the insulator52, the reservoir itself being constantly 
replenished by the electrode. Thus there will be an excess of free carriers in 
the insulator resulting in a space-charge limited current. A large part of the 
injected charge tends to become immobilized in traps, which gives a low free 
carrier density. When sufficient charge has been injected to fill all traps any 
charge further injected will exist as free carriers in the conduction band52.  

A conduction process where the electrodes are not of significant 
importance is the hopping mechanism. When there are localized states in the 
band gap with both occupied and empty sites, transport can take place by 
tunneling between these sites. If the initial and final sites have different 
energies, which is very likely, a phonon has to be either emitted or absorbed 
to conserve the energy53. Hopping conductivity may thus also be called 
phonon-assisted tunneling. It is not possible to make a clear distinction 
between the number of available carriers and their mobilities when 
determining the conductivity45. All localized electrons are available as 
potential carriers but their individual mobility depends on the neighbouring 
sites being empty or not. Thus the major part of the hopping transitions take 
place at the Fermi level since that level has the maximum product of full and 
empty sites.   

In most thin, insulating films the conduction mechanisms give a current 
exponentially dependent on the electric field according to54, 

 
( )nm EAEJ exp∝      (1) 

where J is the current density, E is the electric field and A is a possibly 
temperature dependent quantity.  The value of the exponent n can be 
obtained by differentiating Eq. 1,  
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where σ  = J/E. 

A plot of log ∆ against log E will have slope 1-n from which n is easily 
obtained. When conduction takes place by phonon-assisted tunneling 
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between localized states, i.e. hopping, the theory predicts n = -1 for 
directional percolation and –2 for isotropic percolation at moderate fields. At 
higher fields most investigators predict n = 1/4 or 1/354 for the hopping 
process. For the Poole-Frenkel mechanism where the field is high enough for 
charge carriers to be excited from a localized donor site into the conduction 
band, n = -1/2 is predicted54. If in this case the donor concentration is high 
enough for Poole’s law to be governing the process, n is equal to-1. Finally, 
the space charge limited conduction will give n = 0. 

3.3 Electroforming and Switching. 
ZrO2 and Ta2O5 belong to the group of amorphous metal oxides, which 
exhibit bistable impedance phenomena55, 56. When such a metal oxide is 
sandwiched between two metal electrodes it can reversibly switch from a 
low conductivity OFF state to a high conductivity ON state and vice versa, 
usually after an initial process of electroforming. When electroforming takes 
place in a dielectric film, the material undergoes structural and 
compositional changes. The regions where these changes take place are 
localized and develop through defects such as pinholes and impurities along 
the thickness of the film57. Conducting paths, called filaments58, connect the 
two metal electrodes that are formed. These filaments are spatially separated 
and of irregular shape. The irregular shape of the filaments will cause weak 
spots where the conducting chain may be broken, due to e.g. electro-thermal 
breakdown. The switching sequence ON/OFF/ON is thus caused by field 
induced growth (forming) – electrothermal rupture – regrowth59. It has been 
found60 that forming and switching takes place in vacuum as well as in air, 
but the most common kind, carbonaceous filaments that also show the 
highest switching reliability, only electroform in high vacuum with some 
residual organic gas components61. Earlier studies of ZrO256 showed that the 
current carrying filaments consisted of hollow spots with a composition 
exhibiting higher oxygen deficiency in the oxide layer around the rim of the 
spot. This is in agreement with Ref 62 where it was shown that conduction in 
the ON-state is taking place by electron hopping between energy states 
belonging to oxygen vacancies. 
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4. Ion Transport Mechanisms 

Intercalation and deintercalation of ions and charge compensating electrons 
into and from a host material in a galvanic cell setup is a reversible process 
that can be used to investigate kinetic properties of ions in the material. The 
principle of a galvanic cell with two electrodes enclosing an electrolyte, with 
the ions moving through the electrolyte and the electrons moving through the 
outer circuit, allows control of applied potential, current and time. 
Furthermore the process of intercalation/deintercalation can be cycled many 
times. It has to be remembered though, that the material under investigation 
in a galvanic cell acts as an electrode and not as the electrolyte. In an 
electrode there are usually two electroactive species, electrons and ions, 
instead of only one in the electrolyte, the ions. Since the conduction 
parameters in an electrode can be determined independently for electrons 
and ions, as will be described below, the convenient method of intercalation 
can still be used. 

4.1 Intercalation Parameters 
When an outer voltage is applied to a galvanic cell as described above, it 
causes electron migration in the electrodes, which provides a driving force 
for the mobile ions in the electrolyte. Within the electrodes the driving force 
of the mobile ions is chemical diffusion due to a concentration gradient. The 
galvanic cell potential is generated at the interfaces between the electrodes 
and the electrolyte43 thus, what is measured is the difference of the chemical 
potentials of the neutral electroactive species in the two different electrodes. 
The measurement is made at open circuit equilibrium and gives the open 
cell, or steady state, voltage Us as a function of cation concentration. By 
determining Us information about phase transitions and lattice site energies 
at different amounts of intercalated ions may be obtained. 

The transport parameters of all mobile species, in this case electrons and 
ions, are interrelated in the presence of a concentration gradient and it is the 
slower species that is rate controlling since it limits the motion of the faster 
one. This is because the faster species, usually the electrons, move ahead and 
thus create an internal electric field. The ions are then accelerated and the 
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electrons slowed down by this field in order to maintain charge neutrality. 
For the combined motion, the proportionality constant between the current 
and concentration gradient is called the chemical diffusion coefficient D~  

         ~
r
cDij ∂
∂

−=                         (4.1) 

where i denotes a particular electroactive species and r is the space 
coordinate. The chemical diffusion coefficient is the same for both species in 
a coupled motion while the component diffusion coefficient Di is the 
diffusitivity of the species i as a component. This means the diffusitivity as if 
the other species was not present and the motion was not coupled. This 
parameter is interesting because, ideally, no electrons are found inside an ion 
conductor although they must be there when the ion conductor acts as an 
electrode. The two different diffusion coefficients are related through the 
Wagner enhancment factor W43 

iWiDD =~
                                                 (4.2)  

which includes the influence of motion of all the other species on the motion 
on species i by the effect of the internal electric field. The chemical diffusion 
coefficient D~  can be obtained as a function of composition x, by using the 
galvanostatic intermittent titration technique GITT as outlined in chapter 
2.4.1. The component diffusion coefficient, Di, is related to the partial ion 
conductivity σi as 
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Here k is Bolzmann’s constant, T is temperature, n is the density of species i 
inside the film and q the unit charge.  

The principle behind electrochemical impedance spectroscopy, EIS as 
described in chapter 2.4.2, is basically the same as the dielectric frequency 
dependent measurements mentioned in chapter 2.3.1. In EIS three electrodes 
are used and thus the potential can be controlled. The impedance Z ( )ω  of 
the cell is obtained. Contributing to Z ( )ω  is the resistance of the electrolyte 
Rel, the resistance of the charge transfer between the electrolyte and the 
electrode RCT, the double layer capacitance Cdl and an impedance term, Zdiff, 
from the diffusion in the material. The impedance response of a galvanic cell 
can be modeled by an equivalent circuit of resistors and capacitors. A 
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common way to describe a charge transfer process with diffusion of the 
electroactive species into the electrode is with a Randles equivalent circuit, 
shown in Fig. 4.1, with components representing Rel, RCT and Cdl and with a 
Warburg diffusion element Zdiff39. From the complex impedance plot a curve 
fit to this equivalent circuit can be made and from the fit for example RCT 
can be extracted. If a surface layer is grown on the film the transport of ions 
from the electrolyte into the film would slow down and RCT would be high. 
Zdiff obtained from the fit will give the chemical diffusion coefficient for the 
ions in the sample. 

   

Relectrolyte RCT Zdiff

Cdl

 
 

   Fig 4.1 Randles equivalent circuit. 
 

4.2 Ion Interactions. 
A lattice gas model63 can be applied to analyze the Us and D~  vs. 
composition curves obtained by using the GITT technique. In such a model 
the ions, accompanied by electrons, are assumed to be intercalated randomly 
into equivalent sites with site energy (or potential) E. Each ion is assumed to 
be exposed to a mean interaction field from its neighbors. This interaction 
includes both the Coulomb interactions between intercalated ions including 
their clouds of screening electrons as well as strain fields caused by 
expansion or contraction of the lattice. The working electrode potential in 
this model can be written as63 
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where the second term describes the entropy of the ions and the last term 
accounts for the ion-ion interactions. The ions occupy a fraction y of 
energetically equal sites in the host. The interaction parameter g is the total 
interaction energy (or potential) an ion would experience if all other sites 
were occupied. It therefore contains information about the net force between 
the ions. If g is negative the interaction is attractive and if g is positive the 
interaction is repulsive. From the simple lattice gas model in Eq. 4.4 a 
relation for the diffusion coefficient can be derived64 
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Here D~ y=0 is the chemical diffusion coefficient of the ions at y = 0. 
According to Eq. 4.5, a dip in the diffusion coefficient is associated with a 
negative value of g (attractive interaction between ions). In Eq. 4.4 the site 
energy is taken to be constant. This approximation is justified for 
intercalation materials with very high crystallinity. Thin films produced by 
e.g. sputtering, however, usually show a strong amorphous background in X-
ray diffraction experiments. In the lattice-gas model disorder can be 
accounted for by a distribution in site energy, i.e., by introducing in Eq. 4.4 
an E that depends on y63. If one assumes that E is constant when analyzing 
intercalation into a slightly disordered material, the interaction parameter g 
becomes too high and may indicate a repulsive interaction even if the real 
interaction is attractive65. Disorder also affects Eq. 4.5. The diffusion 
coefficient is proportional to dUs/dy64. Hence, if E is not a constant, g in Eq. 
4.5 should be replaced by g-dE/dy. The y dependence of E is probably more 
or less symmetric around some mean y value and dE/dy, thus, varies with y 
while the sites are filled with ions. If dE/dy is of the order of or larger than g 
in magnitude, the diffusion coefficient must become asymmetric in the 
composition range corresponding to the sites under consideration. Thus, if 
the diffusion coefficient is symmetric, the dependence of site energy on y is 
small and the interaction parameter g gives a fair description of the ion 
interactions. 
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4.3 Ion transport in electrochromic devices 

4.3.1 Single layer 
If  a material containing mobile ions is placed between ion blocking 
electrodes and a constant potential is applied at a certain time t = 0, a 
transient current, as in Fig. 4.2, will be observed. When all other parameters, 
such as temperature and pressure, are held constant this current is called the 
Isothermal Transient Ionic Current (ITIC)36, 37.  

 

Time

Current

 
Fig. 4.2. Transient current response of  material containing mobile ions placed 
between ion blocking electrodes. 

The current is due to ion migration in the applied electric field and, if there is 
no electron leakage current, it will eventually decrease to zero. Two 
phenomena account for the diminishing current. When ions move towards an 
electrode, a concentration gradient will build up generating diffusion in the 
direction opposite to the migration. Secondly, when ions migrate towards an 
ion blocking electrode, a space charge layer will form at that electrode 
creating an internal electric field opposing or cancelling out, the outer 
applied field. Since the electrodes are kept at a constant potential, the space 
charges are also responsible for the creation of image charges at the surface 
of the electrodes generating an electric field that opposes the outer applied 
field. When equilibrium conditions are met, i.e. the electrochemical potential 
is constant in the whole sample, the current ceases. Migration, diffusion and 
space-charge effects are crucial for the ITIC. Whether diffusion or space-
charge effects are the dominating reason for the current decay depends on 
the ion concentration66.  

When the material is polarized, i.e. a constant potential has been applied 
and equilibrium is reached, a somewhat different response will be obtained 
upon switching the potential and thus reversing the applied electric field. 
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Before switching, ions will be accumulated near the electrode. After 
switching, the number of ions in the bulk will increase as they are released 
from the accumulated layer37 and the current thus increases. When the ions 
reach the opposite electrode the same mechanisms as mentioned above set in 
and the current decreases. The current will therefore have a maximum at 
some time t after the switching of the potential and a peak is seen in the 
ITIC.   

Time

Current

 
Fig.4.3. When switching the potential of a polarized material a peak will be seen in 
the ITIC.  

If the material contains ionic species of opposite charge, as for example a 
salt containing polymeric electrolyte, the different ions will migrate towards 
opposite electrodes after application of an electric field. At the electrodes, 
double layers will form and the concentration of ions in the bulk will be very 
small. This is schematically depicted in Fig. 4.4. 

Ion Conc.

  
 

Fig. 4.4. Concentration gradient of material containing ionic species of opposite 
charge. 

The concentration of ions does not need to be equal at the two electrodes. 
The ITIC response in this case will not only depend on whether the material 
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is initially unpolarized or polarized but it will also depend on the mobility of 
the different charges. If the difference in mobility is great enough the 
different ions will reach the electrodes at different times. Starting from a 
polarized state there will thus be not one, but two current peaks.  

The position of the current peak can be used to obtain information about 
the order of magnitude of the ion diffusion coefficient D in the material. This 
is because the peak position gives the time it takes for the ions to be 
transported between the electrodes:  

    / vLt =                         (4.6) 

where t is the time of the peak, L the distance between electrodes and v is the 
velocity of the ions. The velocity and the electric field then give the mobility 
of the ions according to 

    
L
VEv µµ ==                        (4.7) 

where µ is the mobility of the ions and V is the potential applied over the 
sample. The diffusion coefficient D and the mobility are related through 

   qDkT =µ                        (4.8) 

where k is the Bolzmann constant, T the absolute temperature and q the 
elementary charge. If Eq. (4.6) and Eq. (4.7) are inserted in Eq. (4.8) we get 
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If there are two ionic species in the material, the procedure described above 
may still be used if two different peaks are distinguishable. The  motion of 
the different species will be correlated though, and the result will thus not be 
the “true” diffusion coefficient in the material.  

4.3.2 Electrochromic devices 
In electrochromic devices, such as emittance modulation devices and smart 
windows, properties like thermal transfer and optical performance can be 
modulated by shuttling small ions, e.g. Li+ and H+, and charge-compensating 
electrons between oxide layers. The ions are transported through an ion 
conductor between the working and counter electrodes and the charge 
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balancing electrons are transported through an outer circuit. WO3 is 
generally considered the best option as a working layer in an electrochromic 
device2 while NiOxHy31,67 often is used as counter electrode. The ion 
conductor is of critical importance for the performance of an electrochromic 
device, it should show high ionic conductivity and very low electronic 
conductivity. For practical utilization in a solid-state device, polymeric or 
inorganic thin film ion conductors have been applied2. Here after, an 
electrochromic device with an inorganic thin film ion conductor will be 
referred to as an all-thin-film device while a device containing a polymeric 
ion conductor will be called a laminated device.  

Ions are shuttled back and forth between the working and counter 
electrodes in an electrochromic device by applying a constant potential (cf. 
Fig. 1.1) thereby using the electric field as driving force. The mobility of the 
ions may be different in all three layers, although in one and the same layer 
H+ moves faster than Li+2. When the ions move through the device they 
encounter two interfaces that can act as potential barriers with a certain 
activation energy. This may also be depicted as if the ions get trapped at the 
interface and then are released at a certain release rate. Measuring the current 
through the device as a function of time after a potential step is applied, i.e. 
the ITIC, a complicated behavior with multiple current peaks will be seen. In 
a laminated device, the complementary ion in the salt, in our case 
trifluoromethanesulfonate, is also present. This ion will stay in the 
electrolyte however, and thus not pass any of the interfaces. The current 
peaks may be the result of different mobility in the layers and/or barriers at 
the interfaces. Below two simple scenarios are given for the case of one peak 
seen in the ITIC.   

In the first scenario the ion conductivity is assumed to be lowest in the 
ion conductor and highest in the working electrode. When ions are 
transported from the counter electrode they are slowed down in the ion 
conductor and the current thus decreases. After the ions enter the working 
electrode their speed increases and the current goes up. At the back contact 
of the working electrode the ions are finally blocked and the current 
decreases again, thus a peak is seen. In the opposite direction ions 
experience the same mechanisms but since the mobility is not as high in the 
counter as in the working electrode, the increase in speed when the ions 
enter the counter electrode is smaller and the peak thus difficult to observe.  

In the other scenario the ion conductivity does not differ many orders of 
magniude between the three oxide layers but a barrier at the counter 
electrode/ion conductor interface acts as a trap. Such ion traps have been 
encountered before in the interface between an ion conducting electrode and 
electrolyte68. When the ions move towards the working electrode the current 
first decreases because the ions are being trapped. When the ions are 
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released the current increases and the ions pass through the ion conductor 
and working electrode. They are finally blocked at the back contact and the 
current decreases giving a peak in the current response. Here too the  ions 
should experience the same mechanisms in the opposite direction. Of course, 
both interfaces may act as barriers for the ions at the same time as the 
mobility differs between the layers wich would give a more complicated 
ITIC. 

The ion concentration is of significance for the ITIC response of an 
electrochromic device. In paper VIII it is shown that high ion concentrations 
give a response dominated by space-charge effects. Interfacial capacitances 
decrease ion migration between the different layers. At low ion 
concentrations diffusion is the dominant process and ions move much more 
freely between the layers. 
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5. Dielectric properties. 

 
What happens at the interface between the electrode and the thin film often 
determines what kind of conduction process is involved. But it is often of 
great interest to study what happens in the interior of the thin film and then 
the use of ac measurements can be valuable. Information that can be 
obtained from the dielectric response of a solid when an electric field is 
applied includes the translational adjustment of mobile charges and the 
orientational adjustment of dipoles69. The translational adjustment of 
charges creates dipoles when electrons and atoms are displaced from their 
equilibrium position relative to each other and when charge carriers are 
displaced by the applied field. The first type of response is very fast, of the 
order of 1014 Hz or larger, while the response of charge carrier movements is 
delayed and usually appears at frequencies below the megahertz region. 
Permanent and induced dipole response is also delayed and is found below 
the megahertz region70. With a mechanical allegory relaxation consists in 
the recovery of strain upon removal of stress71. In our case the stress is the 
applied electric field and for an alternating field different relaxation 
responses appear at different frequencies of the field. Thus, applying a 
harmonically varying field of angular frequency ω gives the dielectric 
response for that particular frequency and by measuring over a wide 
frequency range the effect of different contributing dipoles can be seen. The 
dielectric function ε is an important feature of a dielectric material. It is 
complex and frequency dependent as 

( ) ( ) ( )ωεωεωε ′′+′= i                         (5.1) 

The real part, ε′ is a measure of the ability to store energy while the 
imaginary part ε″ is a measure of the loss of energy, e.g. due to conduction 
and dielectric relaxation.  
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5.1 Dipole response 
The dielectric response of solids consists, as mentioned above, of two parts, 
the response of dipoles and the response of charge carriers. The classical 
Debye response is obtained for an assembly of non-interacting ideal dipoles 
with the same waiting time, or probability, for making a transition. For a 
Debye material the energy loss ε″ → 0 asymptotically for both low and high 
frequencies with a maximum at some relaxation frequency ωp. The energy 
storage ability ε′ is increasing for decreasing frequencies and becomes 
asymptotically constant for low frequencies35. A typical Debye response is 
shown in Fig. 5.1. 

Permittivity

Frequency
 

Fig. 5.1 Classical Debye response of dipoles. The solid line represents the real part 
ε′ of the dielectric permittivity and the dotted line the imaginary part ε″.  

Not many, if any, materials purely show this behavior, because of 
interactions between the dipoles and between the dipoles and their 
surroundings. In general, the frequency dependence for the energy loss is a 
power law71 
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where m and n are in the interval (0,1) and ωp is the loss peak frequency. The 
ratio of the imaginary and real part of the permittivity is thus, for ω » ωp, 
independent of frequency 



 35

 

( )
( ) ( )2cot π
ωε
ωε n=
′
′′

                        (5.3) 

a behavior called the universal dielectric response71. For real systems, ε′ ( )ω  
approaches a constant ε∞ for high frequencies. This is due to relaxation 
processes taking place at still higher frequencies, i.e. processes that are much 
faster. As previously mentioned, the classical Debye response is only 
obtained for ideal dipoles that are not interacting with each other. Although 
ideal dipoles are never seen in real solids, non-interaction between physical 
dipoles, charge carriers and their surroundings may be achieved by so called 
dipolar screening. Screening by charged particles is a well known 
phenomenon; the Coulomb field of a charged particle causes repulsion and 
attraction of other particles with the same or opposite charge, respectively. 
The consequence is that the field of the particle can not be seen by other 
particles some distance away, the particle is screened and does not interact 
with other particles72. Ideal dipoles do not have any net charge and no 
length, thus their reorientation in an electric field does not give rise to any 
charge displacement that may result in screening. Physical dipoles however, 
have a finite length and thus their reorientation in an electric field give rise 
to charge displacement that may cause screening. In systems with a high 
density of dipoles or charge carriers, screening is very effective with an 
individual, non-interactive, behavior of the dipoles. This gives the system a 
nearly Debye-like behavior and quite high losses73. When dipolar screening 
becomes less pronounced, e.g. in a dilute system, and the interactions 
between the dipoles become stronger, the loss becomes very low and shows 
a flat spectral response with ε′ ( )ω  and ε″ ( )ω  almost independent of 
frequency. What happens is that the dipole-dipole interactions create an 
internal field that induces ordering in the system which then becomes 
“rigid”72 The number of available dipoles for re-orientation is then very 
small and the polarization can be reversed with very low energy loss.  

The presence of a loss peak can also be associated with partially mobile 
charge carriers, localized in donors and traps that abound in polycrystalline 
and amorphous materials. The localized charge carriers can contribute in two 
different ways35; either by being released and excited into the conduction 
band with consecutive retrapping or by tunneling through the potential 
barrier between different levels with the help of phonons, so called hopping. 
Emission of charge carriers from a narrow range of donor levels in the band 
gap into a transport level, Poole-Frenkel conduction or Poole’s law as 
discussed in chapter 3.2, takes place with a certain release rate and the 
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charge carriers are after a finite time retrapped with a certain capture rate. 
This emission and subsequent retrapping of charge carriers gives rise to a 
relaxation peak in the impedance spectrum74. The strength of the relaxation 
peak is a function of the donor density and the release and capture rates of 
the charge carriers75, 76; analogous arguments apply to trap states situated in 
narrow energy levels. A broad distribution of these donor and trap states will 
give rise to very broad relaxation peaks. The hopping transitions that give 
rise to a relaxation peak are between localized levels close in energy and 
distance. These transitions have a high probability of occurring and can take 
place in both directions many times, which gives a behavior similar to a 
jumping dipole with a relaxation peak.  

 
 

5.2 Conductive response 
Charge carriers show different features than dipoles when an alternating 
electric field is applied. In dc conduction with non-blocking electrodes the 
charge carriers do not give rise to any space charges since they are admitted 
to and removed from the material at sufficiently high rates. Thus the charge 
carriers do not contribute to any polarization and ε′ reaches a constant at low 
frequencies. The energy loss ε″ is dominated by a dc term σ0 /ε0ω for 
decreasing frequencies and does not approach zero. Another important 
behavior is the low frequency dispersion. Here the energy loss shows a 
power-law behavior, ε″∝ ω-m, with m close to unity at ω « ωp.  
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When n approaches unity, flat loss will appear in the charge carrier case as in 
the dipole case. Furthermore the energy storage ε′ also shows strong 
frequency dependence for low frequencies implying a finite and reversible 
storage of charge in the material or at the interfaces in contrast to dc 
conduction where ε′ approaches a constant. Blocking electrodes, with a build 
up of space charge regions at the interfaces, can be one source of low 
frequency dispersion.  

From the conduction band tail, electrons from below the Fermi level can 
be excited to the conduction band and then retrapped, a process called 
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multiple trapping. Alternatively, hopping can take place through tunneling 
between different localized states in the band tail, with a large difference in 
spatial separation and energy levels between the states. These two cases, 
multiple trapping and hopping in a band tail with an exponential distribution 
in energy, are very difficult to distinguish experimentally. Multiple trapping 
or hopping in a band tail can give rise to a conductive response as described 
above. The combination of thermally activated electronic transitions and the 
exponential distribution in energy of the band tail, leads to a power-law 
dielectric response over a wide frequency range77 for a multiple trapping 
process. In this case the power-law exponent, n, is predicted to be 
proportional to temperature. Temperature-dependent exponents are not very 
common in experimental data; in the majority of cases power-law exponents 
appear to be independent of temperature35. The latter behavior may be due 
to the fact that hopping transitions take place between localized states with 
different spatial separation and different energy levels. If the distribution of 
intersite separations is the dominant effect, no temperature dependence in the 
exponent is expected. A process which gives a low frequency response, is 
extended hopping over many sites. This only takes place in the direction 
according to the applied field and gives a dc conductivity or a low frequency 
dispersion response. 

The conductive response and relaxation peaks are often seen together in 
the same sample. This may be due to the form of the localized density of 
states. In view of the band structure two scenarios may apply. In one of them 
charge carriers may be excited from the Fermi level to a transport level 
situated at a higher energy as seen in Fig. 5.2 a), this situation may 
correspond to the Poole-Frenkel mechanism and Poole’s law. The charge 
carriers are then trapped again by empty states at the Fermi level. The 
transport level might correspond to a maximum in the localized density of 
states, to an impurity band76 where hopping between localized states may 
take place or to the conduction band. Dc behavior or low frequency 
dispersion, depending on whether the electrodes are non-blocking or 
blocking, are in this picture related to a larger density of states at the 
transport level than at the Fermi level. Thus, it is more favorable for carriers 
to hop between states at the transport level than between traps at the Fermi 
level76.  

Alternatively, the scenario depicted in Fig. 5.2 b) might occur. Here there 
is a maximum in the localized density of states below the Fermi level. Dc 
conductivity, or low frequency dispersion, is then due to hopping at the 
Fermi level, while a relaxation peak is produced by emission of carriers from 
the peak in the density of states to the Fermi level, and subsequent 
retrapping. 
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Fermi level, εF

Energy

Density of states  
Fig. 5.2 A model of the density of states showing possible trapping-detrapping 
processes responsible for the relaxation peak seen in the dielectric spectra.  
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5.3 Intercalated systems 
Intercalation of small ions, e.g. H+, Li+ or K+, and their accompanying, 
charge balancing electrons is a process that involves fundamental physics 
and offers an opportunity to study the effects of e.g. screening of charge 
carriers on the dielectric response.  

In the simplest picture, intercalation of ions should lead to an increased 
dielectric constant ε∞, from the dipole formed by the ion - electron pair. 
However, in a polymorph dielectric, like the transition metal oxide thin films 
under study, defects are present giving rise to localized states −which can be 
of different types− in the band gap. The defects are for example vacancies, 
dangling bonds and excess oxygen. Foster et. al78 have calculated energy 
levels for point defects in monoclinic ZrO2 and they consider oxygen 
vacancies and interstitials in different charge states. Their calculations show 
that these states are strongly localized deep in the band gap and can act as 
electron traps. For the charge balancing electrons entering the material at ion 
intercalation it is energetically more favorable to go into these low level 
states than to states of the intercalated ion that are situated higher in energy. 
In monoclinic ZrO2 the electrons become strongly localized if trapped by a 
vacancy or a defect pair of an interstitial oxygen bonding with a lattice 
oxygen. 

The dielectric constant ε∞, is due to relaxation processes taking place at 
high frequencies, i.e. fast processes like translational adjustment of charges 
that creates dipoles. A low ε∞ indicates weak dipole moments at high 
frequencies while a high ε∞ points to strong dipole moments in that 
frequency range. Different defects may give rise to different dipole 
moments. A qualitative picture of the vacancy dipole moment behavior in 
monoclinic ZrO2 will now be given. In the presence of doubly charged 
oxygen vacancies, V2+ i.e. a vacancy with no electrons, each vacancy may 
create a dipole moment with two Zr ions. In such case the component dipole 
moments will be in different directions, and the resultant dipole moment will 
thus be small. If V2+ is the dominating defect, ε∞ will be low. The singly 
charged vacancies, V+, have one localized electron that may create a strong 
dipole with one Zr ion. Assuming that both V2+ and V+ are present in an as-
deposited sample, when ions are intercalated their accompanying electrons 
will be trapped by the defect states in the band gap and the V2+ states filled 
up so that singly charged vacancies, V+, eventually dominate. Thus the total 
number of strong dipoles increases and consequently so does ε∞. Continued 
intercalation fills up the localized states further. Neutral vacancies, V0, 
occupied with two electrons, will form with a charge distribution resembling 
that of bulk ZrO2. Hence, the dielectric constant decreases back to the value 
of as-deposited ZrO2. If only V+ were present in an as-deposited film, ε∞ 
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would continuously decrease upon intercalation. When the defect states are 
filled the electrons will go into the conduction band. There they probably 
localize on Zr atom and form dipoles with the intercalated ions which would 
give a high ε∞.  

The dielectric loss response can be understood from the same picture as 
ε∞ Oxygen vacancies lie deep in the band gap of ZrO2 with strongly 
localized electrons78, thermal emission of an electron up to the conduction 
band is thus not likely. Hopping transitions might however take place 
between oxygen vacancies. Assuming that both V2+ and V+ are present in as-
deposited films the following ”reaction” 

++++ +→+ 22 VVVV                        (5.5)  

with an electron jumping from V+ to V2+ would give a relaxation peak. When 
ions are intercalated and the charge balancing electrons are filling up the V2+ 
states, fewer transitions are possible and the loss will be lower. If more 
electrons enter and start to fill up V+ states, neutral oxygen vacancies might 
occur and 

++ +→+ VVVV 00                        (5.6) 

will be a possible transition. If all the defect states in the band gap are 
occupied, electrons have to go into the conduction band or to localized states 
close to the conduction band. A possible transition is   

++++ +→+ 4334 ZrZrZrZr                        (5.7) 

The presence of hopping transition between localized states close to or at the 
bottom of the conduction band would probably manifest itself as a low 
frequency dispersion process or as dc conductivity. 
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6. Some illustrative results 

In this chapter the major results obtained will be described. Most of them 
can be found in papers I to IX but some have not yet been published.  

6.1 Structure and composition 

6.1.1 Zirconium dioxide 
Thin films of ZrO2 were prepared in two different ways, by sputtering and 
by atomic layer deposition (ALD) and the depostion method decided the 
structure of the films. The ALD-films consisted of a monoclinic ZrO2 
polymorph, characterized by two main reflections at 28.4 and 31.2°. No 
XRD reflections attributable to the metastable tetragonal or cubic phases 
were detected. Thin films of ZrO2 made by sputtering using the same 
equipment and similar preparation parameters as in the present work were 
found to contain ~10 nm sized grains with cubic crystal structure on a strong 
amorphous background79. This is in agreement with other data16, 80 where 
the crystal structure of ZrO2 is found to depend on substrate temperature and 
deposition rate. To obtain films of higher crystallinity higher temperatures 
and sputtering rates are required16, 80. 

The ALD-film thickness was 75, 115 and 160 nm in the middle of the 
substrate and the films grew with the rate of 0.046-0.047 nm/cycle. In the 
distance range of 20-40 mm, counted from the leading edge along the gas 
flow direction, the growth rate varied by 13-25 %. The film thickness of 
sputtered ZrO2, measured by surface profilometry, varied between 0.5 and 
1.2 µm and the deposition rate was 0.4 nm/s.  
The ALD-films were stoichiometric dioxides within the accuracy limits of 
TOF-ERDA and the density was found to be 5.68 g/cm3. Rutherford back 
scattering spectrometry showed little deviation from a stoichiometric ZrO2 
structure for sputtered thin films. The film density obtained from this 
technique was found to be 5.0 g/cm3. With Elastic recoil detection analysis it 
was found that films sputtered without hydrogen intentionally added to the 
sputtering chamber contained about 4% hydrogen and that aged samples 
contained slightly more oxygen than fresh ones. 
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6.1.2 Other oxides 
The film thickness of Ta2O5 was 650 nm for the type 1 sample and 530 nm 
for the type 2 sample. The film density was 7.6 g/cm3 and 6.6 g/cm3 
respectively, as obtained from RBS. The composition of the films was 
studied by RBS and elastic recoil detection analysis. For Ta2O5 type 1 no 
significant deviation from stoichiometry was found, while Ta2O5 type 2 had 
a Ta/O ratio as low as ~0.3. 

The film thickness of TiO2 was 350 nm as obtained by profilometry, and 
the growth rate was 0.06 nm/s. The films were grown at room temperature 
where only the anatase phase will form81.  

6.2 Current-voltage characteristics 
In Fig. 6.1, the current-voltage curves for sputtered ZrO2 are shown. In fresh 
samples the films may or may not show switching behavior and voltage 
controlled negative resistance but old samples never switch and also, as can 
be seen in the figure, display a much lower current. Fig. 6.1 shows samples 
where the voltage was scanned between 0 and 9.5 V.  
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Fig. 6.1. Current as a function of voltage for a fresh and an aged sample of ZrO2. 
For the fresh sample two different behaviors are depicted. 
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The switching film undergoes electroforming, i.e. structural and/or 
compositional changes58, between 0.5 and 1 V, followed by a voltage 
controlled negative resistance at ~4.5 to 6 V with an impedance ratio of up to 
103. The films switch between a high impedance OFF state and a low 
impedance ON state during increasing potential. The second type of 
response was seen in fresh samples that do not undergo electroforming and 
thus show no switching behavior. The current is lower than in the switching 
samples and of similar magnitude as the switching samples’ OFF state. The 
third curve in Fig. 6.1 displays the response of an old film that has been 
stored in ambient atmosphere at room temperature for several months. Old 
films never switch and display a much lower current than the fresh ones 

Current-voltage characteristics were also obtained for ALD-ZrO2. The I-
V response was stabilized after one or two cycles of a potential scan between 
0 and 9 V. Before stabilization, higher and lower conductivity states 
occurred with switching55, 59 taking place during scanning. The samples 
started with very low current and stayed in that state as long as the potential 
was kept below ~7 V. If a potential of ~7 V was reached the sample 
switched to a much more conducting state. The conductivity then stabilized 
at a medium conducting state, a stabilization that was never seen in the 
sputtered films.  

In the switching, sputtered, samples electroforming takes place at low 
potentials. When forming takes place in a dielectric film sandwiched 
between two metal electrodes, the material undergoes structural and 
compositional changes. The regions where these changes take place are 
localized and develop through defects such as pinholes and impurities along 
the thickness of the film57. Conducting paths, called filaments58, that 
connect the two metal electrodes are formed. These filaments are spatially 
separated and of irregular shape 

When the current-voltage characteristics are analysed according to 
chapter 3.2, different kinds of transport mechanisms are found to be 
responsible for conduction in ZrO2. The different mechanisms are all based 
on hopping, though. For fresh sputtered samples that undergo 
electroforming, the analyses indicate high field percolation, n ~0.2. Along 
the conduction path, phonon assisted tunneling or hopping may take place 
between localized states in the band gap. The filaments have defects and 
these give rise to locally high fields. For decreasing potential after switching 
and for non-electroforming scans, the obtained n ~ -1 indicates phonon 
assisted tunneling, i.e. hopping, between localized states at moderate fields, 
thus there are no filaments. Aged samples, also show phonon assisted 
tunneling or hopping between localized states at moderate fields. For the 
monoclinic ALD-ZrO2, n ~-1 is also obtained. 
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6.3 Intercalation parameters 
Figure 6.2 shows the steady state potential for ZrO2 and TiO2 versus Li/Zr 
and Li/Ti ratio x, respectively. The potential vs. composition curve for 
sputtered ZrO2 has a region of low slope around x ~ 0.03. This is a feature 
characteristic for crystalline compounds when ions are forced into 
energetically equal sites. At x values around 0.06 the potential curve 
decreases more rapidly and at higher x values it levels out again. This 
indicates that the number of sites with highest accessibility for Li ions with 
accompanying electrons is approximately one per seventeen formula units of 
ZrO2. At higher Li ion concentrations the ions and electrons have to look for 
sites that are more difficult to access, i.e. that are represented by a lower 
potential. 
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Fig. 6.2. Steady state potential Us vs. composition x. For ZrO2, x is the Li/Zr ratio 
and for TiO2, x is the Li/Ti ratio. The data were obtained by the galvanostatic 
intermittent titration technique. 

The ALD-ZrO2 film shows a much flatter curve than the sputtered one in 
consistency with the higher crystallinity of the sample, while the TiO2 has a 
high slope as would be expected for a disordered sample. The potential for 
the as-deposited films, i.e. at x = 0, are 3.5 V, 3.0 V and 3.6 V for the 
sputtered ZrO2, the ALD-ZrO2 and the TiO2, respectively. For the ZrO2 films 
this means that the potential drops 1.7-1.9 V up to x ~0.01, probably 
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indicating that electrons initially go into localized states deep in the band 
gap.  

 
Fig. 6.3. Diffusion coefficient as function of composition x. For ZrO2, x is the Li/Zr 
ratio and for TiO2, x is the Li/Ti ratio 

In Fig. 6.3 the chemical diffusion coefficient for Li ions, as obtained from 
Eq. 2.3, in sputtered and ALD-ZrO2 and TiO2 is plotted versus the Li/Zr and 
Li/Ti ratio x. Changes in the host lattice that take place when ions are 
intercalated are not accounted for in Eq. 2.3. The equation and thus the 
obtained D̃ are therefore most accurate for small values of x. We observe a 
dip in D̃ for sputtered ZrO2, centered at x ~ 0.03 where the potential vs. 
composition curve (Fig. 6.2) has a low slope. Before D̃ starts to increase it is 
of the same order of magnitude as the diffusion coefficient of ALD-ZrO2 but 
after x ~0.03 the diffusion coefficient for sputtered ZrO2 is about two orders 
of magnitude higher than for the ALD-ZrO2. The diffusion coefficient for 
TiO2 shows only a low slope with increasing intercalation levels. Anatase 
TiO2 is a well-known intercalation material so this would be expected. The 
chemical diffusion coefficient is the diffusion coefficient of the coupled 
motion between ions and electrons, this is why an ion conductor may have a 
lower chemical diffusion coefficient than an intercalation material. 

The Us and D̃ vs. x curves may be analyzed according to the lattice-gas 
model (cf. Chapter 4.2), which has been done for sputtered ZrO2. The 
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interaction parameter obtained from analysing the steady state potential is 
found to be kT in contradiction to the negative g value -3.7 kT obtained by 
analysis of the diffusion coefficient. The reason for the dissimilar result is 
found in the approximation that the site energy is taken to be constant. This 
approximation is justified for intercalation materials with very high 
crystallinity. Our sputtered ZrO2, however, only showed some crystallinity 
in XRD. If one assumes that the site energy ε (cf. Eq. 4.4) is constant when 
analyzing intercalation into a slightly disordered material, the interaction 
parameter g gets too high and may indicate a repulsive interaction even if the 
real interaction is attractive65. This tells us that the interaction between Li 
ions inside the ZrO2 is less repulsive than indicated by the g value obtained 
from the analysis of the steady state potential curve. Disorder also affects the 
analysis of the chemical diffusion coefficient (cf. Eq. 4.5). Without knowing 
too much about the y dependence (which is a normalized x cf. Eq. 4.5) of the 
site energy ε one can assume that ε is more or less symmetrically distributed 
around some mean y value and that dε/dy, thus, varies with y while the sites 
are filled with ions. If dε/dy is of the order of or larger than g in magnitude, 
the diffusion coefficient must become asymmetric in the composition range 
corresponding to the sites under consideration. In Fig. 6.3, the diffusion 
coefficient is very symmetric around the dip. This shows that dε/dy most 
likely is very small compared to g and, hence, the g value obtained by 
analysing the chemical diffusion coefficient presumably describes the 
interaction inside the ZrO2 well even if the film is quite disordered. We are, 
therefore, inclined to draw the conclusion that the net interaction between Li 
ions with accompanying electrons is attractive in ZrO2 

6.4 Dielectric properties 
The dielectric permittivity was measured as a function of frequency for 
different kinds of films at different temperatures. Here, the dielectric loss, 
ε”, of ALD-ZrO2 and TiO2 will be displayed for as-deposited and 
intercalated films. Only a selection of responses, i.e. for different x, will be 
displayed. For a detailed description, see paper IX. The dielectric constant, 
ε∞, will be shown as a function of the Li/Zr ratio x and Li/Ti ratio x, 
respectively. 
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In Fig. 6.4, the response of the as-deposited ALD-ZrO2 film clearly 
shows a relaxation peak at 14 mHz. The peak becomes weaker and moves 
towards lower frequencies when a small amount of Li ions has been 
intercalated, i.e. at x = 0.008. At intermediate amounts of intercalated ions, x 
= 0.027 a new relaxation peak appears at ~70 mHz. A power-law process is 
present at high frequencies with an exponent p ~0.8 for x = 0.091. This 
process is followed by a crossover to a low frequency dispersion behavior at 
~1 Hz. 
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Fig. 6.4. The imaginary part of the dielectric permittivity as function of frequency 
for as-deposited and Li ion intercalated ZrO2 samples. x denotes the Li/Zr ratio. 

The TiO2 shows a different but likewise complicated behavior, as displayed 
in Fig. 6.5. The as-deposited film has a relatively low loss with a possible 
relaxation peak at low frequency. When a small amount of ions has been 
intercalated, at x = 0.13, a relaxation peak appears at ~0.03 Hz. For higher 
intercalation levels the loss increases and finally dc conduction appears. 
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Fig. 6.5. The imaginary part of the dielectric permittivity as function of frequency 
for as-deposited and Li ion intercalated TiO2 samples. x denotes the Li/Ti ratio x. 

It is obvious from Figs. 6.6 and 6.7 that ε∞ varies strongly with varying 
degree of intercalation. The as-deposited ALD-ZrO2 film has a dielectric 
constant ε∞ = 10.5. For small amounts of intercalation ε∞ increases up to 18.3 
at x = 0.017 before it decreases back to 10.5 when x = 0.037. At higher 
concentrations of intercalated Li ions the dielectric constant increases again 
and reaches ε∞ = 19.5 when x = 0.091. It is interesting to note that ε∞  has its 
maximum at the amount of intercalation where the potential vs. composition 
curve in Fig. 6.2 starts to level out from the initial drop. The dielectric 
constant of TiO2 is ~200 for the as-deposited film, as can be seen in Fig. 6.6. 
For a Li/Ti ratio x = 0.22 the value has decreased almost an order of 
magnitude and reached a minimum. The dielectric constant then increases 
strongly upon further intercalation. 

An interpretation giving a tentative explanation for the observed response 
follows from chapter 5.3. Transitions between vacancy states described in 
Eqs. 5.6 and 5.7 may give rise to the peaks seen in the dielectric loss. The 
difference in x-dependence of the dielectric constant between ZrO2 and TiO2 
may be due to the dominant charged vacancy present. If V2+ is the 
dominating defect, ε∞ will be low. The singly charged vacancies, V+, have 
one localized electron that may create a strong dipole with one Zr or Ti 
atom. Assuming that both V2+ and V+ are present in an as-deposited sample, 
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when ions are intercalated their accompanying electrons will be trapped by 
the defect states in the band gap and the V2+ states filled up so that singly 
charged vacancies, V+, eventually dominate. Thus the total number of strong 
dipoles increases and consequently so does ε∞. Continued intercalation fills 
up the localized states further. Neutral vacancies, V0, occupied with two 
electrons, will form with a charge distribution resembling that of bulk ZrO2. 
Hence, the dielectric constant decreases back to the value of as-deposited 
ZrO2. If only V+ were present in an as-deposited film, ε∞ would continuously 
decrease upon intercalation, as seen in Fig. 6.6. When the defect states are 
filled the electrons will go into the conduction band. There they probably 
localize on a Zr or Ti atom and form dipoles with the intercalated ions which 
would give a high ε∞.. Thus we believe that in ZrO2 doubly charged 
vacancies are present in the as-deposited film while in TiO2 the dominating 
defect is the singly charged vacancy. It is interesting to note that the drop in 
steady state potential in ALD-ZrO2 when intercalation starts indicates that 
localized states in the band gap are involved in the process.  

10

12

14

16

18

20

0 0.02 0.04 0.06 0.08 0.1

D
ie

le
ct

ric
 c

on
st

an
t, 
ε

x

8

 
Fig. 6.5. The dielectric constant in ALD-ZrO2 as function of Li/Zr ratio x 
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Fig. 6.6. The dielectric constant in TiO2 as function of Li/Ti ratio x. 

6.5 Ion transport in electrochromic devices 
In Fig. 6.7 the transient ionic current versus time for an all-solid state 
electrochromic device consisting of a WO3 working electrode, a ZrO2 
electrolyte and a NiOxHy counter electrode is shown for the case of 
coloration. The device was polarized to assure that all protons were in the 
NiOxHy prior to the ITIC measurement. When protons are transported from 
the NiO layer into the WO3 layer a peak is seen in the current response after 
about 1000 s.  

Eq. 4.9 was used to determine the diffusion coefficient of the device. The 
distance L in our case is 1000 nm, the peak appears at about 1000 s and the 
applied potential step is 1.5 V. This gives a diffusion coefficient D̃ ~2 × 10-13 
cm2/s for the device. This magnitude of the device diffusion coefficient 
coincides well with the one obtained earlier for diffusion in ZrO2 as is 
described in paper I. Thus it seems like the ZrO2 electrolyte is the speed 
limiting component in the all-solid-state device under consideration 
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Fig. 6.7 Transient proton current versus time response for an all-solid state device 
is shown for protons going from NiOxHy to WO3. 

The ITIC response for a laminated electrochromic device has been obtained. 
The current drop is over several orders of magnitude, finally reaching the 
detection limit of the instrument. In Fig. 6.8, the ITIC for an electrochromic 
device consisting of a WO3 working electrode, a polymeric electrolyte 
containing Li ions and a NiO counter electrode is shown. The sample is 
polarized, i.e. the ions are initially in the NiO electrode. At the first applied 
potential step the ions move through the electrolyte towards the WO3 
electrode. The potential is then switched and the ions move back to the NiO 
electrode. As can be seen in Fig. 6.8, the ITIC depends on the direction of 
the ions. When the ions move from the NiO the response is smoothly 
decreasing but shows a hump after ~20s and a peak after 2000 s. In the other 
direction, when the ions start in the WO3, a first peak is seen after only ~0.2 
s and a hump after ~20 s. These peaks may be due to trapping in and 
consequtive release from the interfaces between the different layers.  
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Fig. 6.7 Transient  ion current versus time response for an laminated device is 
shown for ions going from NiO to WO3 and from WO3 to NiO. 
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