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Abstract

On the chromogenic behavior of tungsten oxide films

David Langhammer

The chromogenic properties of tungsten trioxide 
(WO3) have been studied by photoluminescence 
spectroscopy at 4.2 K in order to characterize the 
electronic structure of this material and see how this 
relates to optical responses during chromogenic 
coloration. Transition processes between electron 
energy states are often the cause of optical 
phenomena and it is important to identify such 
processes in order to understand the chromogenic 
coloration of tungsten oxide films. Much research 
work has been devoted to characterize the physical 
and chemical mechanisms that are responsible for 
this coloration and this is of fundamental
importance to understand the chromogenic 
behavior. The latest research shows that oxygen 
vacancies could play an important role in certain 
coloration processes, but it is still a matter of 
debate whether these are important for the overall 
response. This work aims to identify specific 
transitions that are related to oxygen vacancies by 
measuring photoluminescence from films with 
controlled vacancy content. The main goal of the 
project was to set up an experiment that could 
measure photoluminescence at liquid helium 
temperature. This was done by installing and 
integrating the components included in this 
experimental set-up. The films had been prepared 
prior to this work and were deposited on a 
nanocrystalline CaF2 substrate, which is a material 
that has a very large band gap and was therefore 
expected to fully transparent in the UV range. 
However it was found that the substrate inelastically 
scattered the UV excitation light, which produced 
strong signals that overshadowed the 
photoluminescence and prevented an effective 
characterization of the electronic structure in the 
films. Instead, suggestions were given on how to 
minimize uncertainty factors and overcome the 
difficulties met in this work. It was also found that 
the films attain a lasting blue coloration by exposure 
to UV light in vacuum, and that this might be due to 
oxygen being desorbed from the film during 
experiments in vacuum.
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Sammanfattning 
I det här arbetet har så kallade kromogena egenskaper hos tunna beläggningar av 
volframtrioxid (WO3) studerats, vilket innebär förmågan att ändra färg genom yttre 
manipulation av exempelvis temperatur eller elektrisk spänning. Detta skapar 
förutsättningar för tillämpning inom en rad tekniska applikationsområden och det har 
väckt intresse inom både forskning och industri allt sedan de första rapporteringarna 
gjordes för omkring 40 år sedan. Idag kretsar forskningen kring att kartlägga de fysiska 
mekanismer som ligger till grund för det kromogena beteendet, men det har ännu inte 
klarlagts vilka processer som orsakar de absorptionsförändringar som ger upphov till 
färgning. Det har länge spekulerats kring huruvida bildandet av syrevakanser utgör en 
viktig del i färgningsmekanismen, eftersom filmer innehållande syrevakanser är färgade 
blå. Detta är något som fortfarande diskuteras och det finns flera olika fysikaliska 
mekanismer som används för att förklara det kromogena beteendet i WO3. I det här 
arbetet har lågtemperaturmätningar av fotoluminiscens gjorts på filmer med olika 
vakansinnehåll i syfte att kartlägga den elektroniska strukturen i WO3 för att på så sätt 
kunna identifiera samband mellan färgningsmekanismer och optiska egenskaper som 
orsakas av elektroniska övergångar. Huvudsyftet med arbetet har varit att 
sammankoppla de utrustningskomponenter som ingår i experimentuppställningen och 
därigenom möjliggöra mätningar av fotoluminiscens vid -269 °C. Detta har lyckats och 
mätningar har gjort på två filmer av WO3 som varit belagda på polykristallina substrat 
av CaF2. Proverna fanns tillgängliga innan arbetet påbörjades och har använts i liknande 
experiment tidigare. Det här arbetet har dock visat att substratmaterialet haft en förmåga 
att inelastiskt sprida excitationsljuset, vilket skapat ett intensivt signalspektrum som 
stört mätningar av fotoluminiscens. På grund av detta har den elektroniska strukturen i 
WO3 inte kunnat kartläggas och därför har heller inga definitiva slutsatser kunnat göras 
gällande de kromogena färgningsmekanismerna. Istället har förslag på framtida 
förbättringsåtgärder lämnats som kan bidra till att minimera osäkerhetsfaktorer och 
övervinna de svårigheter som mötts i det här arbetet.       
 
 
 
 
 
 
 
 
 
 
 
 
Nyckelord: Photoluminescence, chromogenic, band gap, electronic orbital, density 
functional theory, optical interference     
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1.  Introduction 
Tungsten oxide (WO3) is a material with a broad potential for technical applications, 
such as smart windows, photoelectrochemical water splitting, gas sensors and tunable 
electrochromic photonic crystals [1][2]. Tungsten oxide thin films have what is called 
chromogenic properties, which is the ability to change optical behavior when external 
conditions are altered. This property has made WO3 particularly useful in the smart 
window technology, where it is used for its ability to turn opaque by application of an 
electric field bias. It is of great interest to determine the nature of this behavior and it 
has been the subject of extended research for many years [3]. However, an 
understanding of these phenomena is still lacking and it is a matter of intense debate 
[2][4], since the interpretations of experimental findings are difficult, while theoretical 
calculations on such systems depend strongly on the method of calculation. The hope is 
that cryogenic measurements of photoluminescence (PL) at 4.2 K will bring new 
insights into this debated scenario and that it can help explain what causes the 
absorption seen in tungsten oxide during chromogenic coloration.  
 
This work has aimed to construct an experiment that can measure photoluminescence at 
liquid helium temperature. The goal has been to integrate the components needed for 
such experiment, which included assembling the equipment used for light detection and 
sample cooling, as well as selecting appropriate optical equipment and arranging this 
properly on an optical table. This has required a careful reading of the equipment 
manuals, tests and calibrations of the individual components and installations of the 
necessary hardware and software. The major part of the exam work has been devoted to 
this task and this represents also the main goal of this project in order to proceed with 
preliminary measurements on this system. 

A literature survey has also been performed in order to summarize recent 
developments in the research on tungsten oxide and to treat the currently discussed 
topics in this research field. A theoretical description of chromogenic coloration 
mechanisms is given and the discussion on what influence oxygen vacancies have on 
the coloration response has been treated specifically. The role of oxygen vacancies has 
been a subject of debate for some time and it is still being extensively studied in 
literature [10][7]. The measurements performed in this work have been preformed with 
the purpose of finding correlations between oxygen vacancy concentration and 
photoluminescence characteristics, so that the electron energy levels associated with 
occupancy at vacancy sites can be identified. The hypothesis was that specific peaks 
would appear in the PL spectra due to recombination from trap states at vacancy sites. 
Such features would be easier to distinguish if measurements are performed at low 
temperature, since the peaks are then expected to appear sharper. In fact the thermal 
distribution of excited electrons becomes narrower when the temperature is low, thereby 
causing the photoluminescence light produced during the recombination of electrons 
and holes to have a narrower energy distribution as well.  
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The measurements have been performed on two monoclinic WO3-x samples, 
with different stoichiometries corresponding to x=0.001 and x=0.005 respectively. 
These samples had been prepared prior to the exam work and they had also been 
characterized and used previously in similar experiments [10]. Several measurements 
have been carried out where the temperature and the excitation light intensity have been 
varied separately in order to see what influence these two parameters have on the 
photoluminescence.   
 
In the analysis of the results, a function has been used to calculate the absorption and 
interference effects in the WO3 films, so that these features could be accounted for in 
the interpretation of the resulting spectra. Normally one would integrate this function 
over the film thickness to take into account the different optical paths that detected light 
could have traveled in the film. However, since lenses were used to collect the 
photoluminescence light, different optical paths were enabled as well. For this reason, a 
new integration method has been developed within the project to take into account all 
the optical paths that are possibly enabled by using lenses to collect the emitted 
photoluminescence. 
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2. Literature study 
This section will present a background to the research on chromogenic behaviors of 
tungsten oxide films. It treats the different chromogenic effects and presents various 
proposed mechanisms that have been suggested to explain chromogenic colorations. It 
also treats the concept of electron trap states and how these affect the optical properties 
of tungsten oxide. Such states are created at local anomalies in the crystal structure, 
where electrons get trapped due to the different energy they obtain at these sites. This 
allows for new electronic transitions to occur, which results in different absorptions and 
emissions of light. These effects can be investigated either experimentally or with 
theoretical calculations and the two approaches are often compared in order to find 
support of findings. To prepare for a discussion of this sort later on, this section will 
summarize the results from a work where density functional theory (DFT) has been 
employed to calculate optical transition energies from oxygen vacancy sites in tungsten 
oxide. A more detailed description of the computational approach in this work is also 
given in the appendix.   
 
The purpose of the literature study is to present a comprehensive view of the 
chromogenic behaviors of tungsten oxide and to prepare for a discussion of the 
experimental results from this work. It also serves to present the most recent 
developments within the research field.       

2.1 Electrochromic coloration 
Deb [11] first reported the electrochromic effect in tungsten oxide thin films some 40 
years ago. Since then it has been used for a variety of applications and it has attracted 
enough interest to constitute a research field of its own.  
 The behavior of an electrochromic material is recognized by its ability to 
reversibly change color upon voltage application. It is convenient to introduce the 
electrochromic behavior in tungsten oxide by the simple reaction   
 

     (2.1) 
 
where so-called tungsten bronzes, MxWO3, are formed through intercalation of M+= H+, 
Li+, Na+ or K+ and electrons (e-) . The ions are supplied from an electrolyte when the 
tungsten oxide is used as cathode material in an electrochemical cell arrangement. The 
film is then colored blue through reaction (2.1) and the reverse chemical process 
bleaches the film. It is commonly accepted a reduction of W6+ ions to W5+ through the 
insertion of electrons will cause optical absorption in the visible spectrum by means of 
intervalence charge transfer (IVCT) and small polaron absorption. These absorption 
processes are similar in that they both constitute electronic transitions between states in 
the conduction band, where the electron transfers from W5+ to a neighboring W6+ ion. 
[12][3] 
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      (2.2) 
 
The small polaron is a state in which the electron has polarized its lattice surrounding 
and thereby lowered its potential energy. It can be viewed as a state where the electron 
has been trapped in a potential energy well due to the distortions of its latte 
surroundings. Transitions from these states have energies that are not only determined 
by differences in orbital energy but also by the energies associated with structural 
relaxation. [13] Both the IVCT and the small polaron in WO3 have maximum 
absorption in the near infrared spectral region and with absorption also in the visible 
range. 
 Amorphous films have been shown to have a higher capacity for quick insertion 
of ions than crystalline films, resulting in faster coloration response times [14]. For this 
reason they are more common for use in commercial applications. It has also been 
found that electrochromic films are substoichiometric, with a deficiency of oxygen, and 
that they contain water and hydroxyl groups [2].  The oxygen vacancies will attract 
electrons due to the ionic character of the material and, because the vacancies are 
localized, they create local energy states for electrons [7]. These are often called "trap 
states" because the electron is trapped at the vacancy site due to the low energy it 
possesses relative to the conduction band. For this reason they are also referred to as 
band gap states and are drawn in a band diagram as states situated between the valence 
and the conduction band. The role of oxygen vacancies as "electron donators" enables 
the view of substoichiometric WO3-x as an n-type semiconductor [15]. This 
representation is useful when discussing the role of tungsten oxide in an electrochemical 
cell. It is also useful when comparing this with the analogous situation of tungsten oxide 
in a gasochromic reaction, which will serve as a good introduction to the debated 
subject of coloration mechanisms, as well as to present the state-of-the-art in the 
tungsten oxide research field.  

2.2 Coloration mechanisms 
While the intercalation of alkali metal ions by double charge injection, according to 
(2.1), is commonly accepted, Bange [2] presented reason to doubt this model in cases 
where hydrogen is used as the redox species. The reason for this is simple; the hydrogen 
content in amorphous thin films was found not to change upon electrochromic 
coloration. This was discovered by performing NRA (nuclear reaction analysis) 
measurements before and after electrochemical coloration with a HCl electrolyte. RBS 
(Rutherford backscattering) and ESCA  (electron spectroscopy for chemical analysis) 
measurements were employed to detect changes in oxygen content after coloration and 
both methods indicated that the concentration of oxygen had decreased. Changes in the 
concentration of H2O or OH were said to be small based on an IR spectroscopy 
experiment [2][16], as was also indicated in the NRA measurements. A model was 
proposed for film coloration, stating that O- ions leave the film together with neutral H 
during the injection of H+ and two electrons. With no further details on these physical 
processes, the hydrogen ions were said to replace adsorbed H on internal surfaces, while 
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the neutral H would diffuse to the atmosphere through the film interface. The oxygen 
desorption process presented in this model was believed to result in the formation of 
oxygen vacancies. These diffusion processes would explain the reduced oxygen content 
and the unchanged concentration of hydrogen, while change neutrality is at the same 
time realized.  
 An electrochemical description of these processes was given in terms of electric 
potentials at the surface interface. Equal focus was then directed to gasochromic 
reactions, since these are also best explained in terms of potential shifts at the tungsten 
oxide interface. These shifts in potential are what govern the charge transfer and thus 
the coloration process itself. In this discussion the substoichiometric tungsten oxide is 
treated as an n-type semiconductor, since this allows the surface potential at the 
tungsten oxide interface to be considered a space charge region.  
 In the case of electrochemical reactions, a space change region, or depletion 
layer, is created when positive ions in the electrolyte accept electrons from the electrode 
and form an electron-depleted zone close to the surface. This creates a positive charge 
in the area closest to the interface and the width of this space charge region is 
determined by the electrical conductivity of the electrode. Metals are known for having 
very small space charge regions because of their ability to spread charges quickly. 
When a metal electrode is used, the potential equilibrium is settled almost completely in 
the electrolyte by formation of a Helmholtz layer. The width of this layer is determined 
by the electrolyte's ability to spread charge by diffusion from the surface, and the 
potential at the interface will vary according to Nernst equation  
 

       (2.3) 
   
where the concentration (roughly the activities) of reduced and oxidized species, cred 
and cox respectively, will cause changes in the potential relative to the natural redox 
potential, E0

redox. The potential at equilibrium, Eredox, is defined by the equation (2.3) 
and constitutes the chemical potential of electrons in the electrolyte. The Fermi level, 
EF, corresponding to the chemical potential of an electron in a solid, can be related to 
Eredox by expressing both with reference to the same potential energy. While the solid-
state community has adopted the energy of an electron in vacuum as the reference level, 
the standard hydrogen electrode (SHE) reference is more often used within the 
electrochemical society. This lies around -4.5 eV relative to the vacuum level, so by 
expressing the redox potential with this reference, 
 

        (2.4) 
 
the Fermi level concept is introduced also for liquid electrolytes (e being the charge of 
an electron). Charge transfer equilibrium is achieved when the electron chemical 
potential is equal at both sides, meaning that the respective Fermi levels, EF and EF,redox, 
are equal. This situation would in the case of WO3-x entail an electron-depleted zone 
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close to the interface, resulting in a lowered Fermi level. The chemical drive force cause 
a potential energy "drop" at the interface by virtue of the spontaneous nature of the 
process, while the energy at lattice sites will rise in contrast. This causes so-called "band 
bending", meaning that the band edges at the interface bend upwards. This is shown in 
figure 2.1, where 2.1b represent the equilibrated state of 2.1a through equalization of the 
Fermi energy and simultaneous bending of the band.  
 

 
Figure 2.1. Potential energy diagram with free electron energy in vacuum as zero 
reference. The electron potential energies are given for a) the semiconductor and redox 
species separately and b) the equilibrated state when the two are in contact, resulting in 
a band bending. 

A cathodic potential must be applied to drive electrons into the tungsten oxide. This will 
neutralize the space charge region to some extent, thereby changing the concentration 
quota in equation (2.3) when ions are reduced, which in turn will lower the potential 
drop at the interface. This has the effect of bending the band edge downwards, since 
lattice site energies will have decreased relative to the redox potential. [2][17]  
 While this electrochemical description of the electrochromic coloration gives no 
reason to doubt the validity of the double injection model, some new insights might be 
achieved by comparing this electrochromic process with the analogous situation in a 
gasochromic reaction.  
 
Electrochromic coloration is driven by an applied voltage bias that allows the reduction 
of ionic species in an electrolyte. It is similar to the charging of a battery since the 
applied electric potential achieves to increase the chemical energy of the species. By the 
reverse mechanism, gasochromic coloration occurs through release of chemical energy 
by the creation of reducing species on a catalyst material that can react with the tungsten 
oxide [18]. When H2 is adsorbed on a catalyst, such as Pt or Rh, the molecules 
dissociate to H atoms, which diffuse through the bulk of the catalyst toward the 
tungsten oxide interface where they donate electrons [19][2]. This process can be 
viewed in much the same way as the electrochromic mechanism - by studying the shifts 
in potential at the tungsten oxide interface. The contact with a metal catalyst will form a 
Schottky barrier at the interface [20], similar to the situation in figure 2.1, where the 
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band is bend upwards due to charge transfer between the materials. The corresponding 
situation in a metal-semiconductor junction is shown in figure 2.2, showing also the 
hydrogen redox potential.  
 

 
Figure 2.2. Potential energy diagram with free electron energy in vacuum as zero 
reference, showing the band bending at a metal-semiconductor junction and the 
electron energy potential in H2. 

Since the reaction process is reversed in the case where a catalyst is used to oxidize the 
hydrogen, the bands will bend downwards by the chemical reaction [21][2]. The role of 
ambient hydrogen in a gasochromic reaction is thus equivalent to the potential bias used 
in electrochromic coloration. Arguably the coloration is a result of H+ formation 
through injection of electrons and so the double injection model still seems valid. 
However, just as in the case of electrochromic coloration, the observed variation in 
optical absorbance was not accompanied with the increase in hydrogen content that 
would be expected from reaction (2.1) [22]. This gives reason to believe that a more 
complicated transport mechanism is involved in the coloring process with hydrogen 
redox species.  
 In response of these findings, George et al. [23] suggested a mechanism 
involving the formation of oxygen vacancies and H2O during coloration. As first 
proposed by Deb [11], oxygen vacancies constitute F-centers, thereby contributing to 
the increased absorption during coloration. In support of this is the fact that some 
tungsten oxide films, which are fabricated with a certain substoichiometry, have the 
same blue color as films that have been colored by chromogenic mechanisms [24]. It is 
also possible to induce this coloration by heating films in vacuum, with subsequent 
bleaching through long term heating in oxygen atmosphere [25]. This phenomenon is 
called thermochromism and it has been shown to accompany oxygen depletion in the 
form of vacancies. Supporting the idea of vacancy formation during gasochromic 
coloration is the fact that bleaching occurs by a reverse reaction in oxygen atmosphere. 
The experiment performed by Bange [22] also supports this idea. The mechanism 
suggested by Georg et al. [23] involves the formation of H2O at internal surface walls 
by the reaction 
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       (2.5) 
 
It was postulated that the rate determining reactions are taking place at the interior 
surface walls of the porous tungsten oxide structure. This conclusion was drawn after 
having studied the reaction through a theoretical model that combines surface reaction 
kinetics and the diffusion of oxygen vacancies. It was found that there is only one time 
constant, which is the sum of the surface-reaction term and the diffusion term and it had 
also been found that the time for coloration and bleaching depends linearly on the film 
thickness, indicating that active surfaces are increasing linearly with film thickness.  On 
the basis of these findings, it was concluded that H2O is formed by reaction of H+ with 
surface oxygen at pore walls and grain boundaries. The H2O were said to slowly desorb 
from the film while the oxygen vacancies diffuse to the interior of the grain. This would 
explain the unseen changes in hydrogen content after coloration, which would otherwise 
be expected from the double injection model.  It would also explain an observation 
made, that colored films are slowly bleached in argon atmosphere. The suggested 
mechanism for this was that H2O splits up into O2 and H2, causing O2 to oxidize and fill 
the vacancies of tungsten oxide, while H2 escapes to the surrounding atmosphere.   
 
While this model would add some explanation to the desorption process of neutral 
hydrogen from the film, as first suggested by Bange, it gives no further details on how 
the H+ is transported into the film. In light of something that Bange also noted in this 
discussion - that the coloration of tungsten oxide films with H2 and a metal catalyst 
requires the presence of water to act as a co-catalyzer in the process - it is possible that 
the H+ is transported to the reduction site on the oxide through a hydrated layer on the 
pore surface walls. This has been suggested for gasochromic coloration and a similar 
mechanism has also been suggested for electrochromic coloration [4]. By the formation 
of H3O+ and an electron from H and H2O at the WO3/metal interface, the H+ can be 
transported by proton exchange along the hydrated surface layer, while the electron is 
conducted along the interior walls of the tungsten oxide pores. This would account for 
the proton transport into the film, while the neutral transport in the other direction 
occurs through water desorption. A desorption of water is expected if the film is in 
dynamic balance with its surrounding before coloration, such that a certain number of 
water molecules can be adsorbed per formula unit [26]. The balance would then be 
shifted when new H2O molecules are formed in the coloration process, resulting in 
desorption of excess water.  
 
The model proposed by George et al. [23] is very different from the previous model, 
suggesting a double injection of H+ and an electron into the tungsten oxide. To test this 
new model, Lee et al. [27] performed an experiment where the bleaching in oxygen 
atmosphere, which had been said to occur through the filling of vacancies with ambient 
oxygen, was made using isotopic heavy oxygen (18O). By performing a Raman 
spectroscopy analysis on these films and comparing the results with spectra obtained 
from films that had been bleached with regular oxygen (16O), it was found that the 
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vibrational frequencies were the same in both cases. This showed that no heavy oxygen 
had been incorporated in the structure after bleaching in this atmosphere and it was 
therefore concluded that coloration occurs through the double injection model and not 
by the mechanism suggested by George et al. [23].  
 To investigate these matters further, Luo et al. [28] performed various 
experiments on crystalline WO3 nanowires in the colored and bleached states and 
analyzed the bleaching mechanism with Raman spectroscopy at various degrees of 
bleaching. Desorption of water molecules was detected with a mass spectrometer at 
different annealing temperatures and the changes in crystal and electronic structure was 
studied using XRD and ESCA analysis respectively. The XRD analysis showed that the 
nanowires had been monoclinic in the transparent state and that they later included an 
additional tetragonal hydrogen tungsten oxide (H0.23WO3) after coloration. The 
structural changes were explained in terms of water formation in the bulk of the crystal 
by reactions between H+ and lattice oxygen. Two H+ were believed to react with O2-, 
thereby causing the lattice W-O bonds to be weakened. A subsequent relaxation of the 
tungsten ions towards other oxygen would then allow H2O to be released through 
phonon interactions, while a vacancy would be left behind. This model is presented in 
order to explain results from a Raman analysis, showing changes in W-O vibrational 
energies during coloration. These changes were interpreted as a result of water 
formation and the structural relaxations in the lattice that follow. It was suggested that 
these reactions would take place in the crystal bulk and that the H2O is trapped next to 
the vacancy in this process. An illustration of the mechanism is shown in figure 2.3. 
 

 
Figure 2.3. Vacancy formation by reaction of lattice oxygen (O(1)) with H+, forming 
H2O that is trapped next to the vacancy. The tungsten ions relax outwards as the 
hydrogen binds to O(1), allowing water to break free and leave an oxygen vacancy 
behind. Taken from [28] 

 A model to explain the observations made by Lee et al. [27] has been suggested 
[4] based on the following mechanism for bleaching: as ambient O2 is adsorbed and 
dissociate on the metal catalyst, the O atoms will bind to the tungsten oxide nanowire 
surface and trap free electrons in the conduction band through the formation of oxygen 
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ions. This will destabilize the H2O molecules inside the tungsten oxide nanowires, 
leading to the formation of H+ and the filling of oxygen vacancies by decomposition of 
H2O. The hydrogen ions then diffuse to the surface, where they react with surface 
oxygen ions and form water molecules that leave the film through the same dynamic 
stabilization with the ambient as mentioned earlier. This would explain why no heavy 
oxygen (18O) was detected in the material framework after bleaching with oxygen 
isotopes.  
 To find further support for the coloration model, Luo et al. [28] performed a 
thermogravimetric analysis, measuring desorbed H2O molecules with a mass 
spectrometer, flowing with protective Ar gas. A transparent film was first annealed for 6 
hours to let any adsorbed water be desorbed and then H2 gas was introduced, which 
would allow coloration of the film. A subsequent annealing of the film during water 
detection showed that desorption of H2O occurred at a slower rate than that taking place 
previously during the initial heating. This is in agreement with the proposed 
mechanism, since it is expected that water molecules that are incorporated into the bulk 
structure will take longer to diffuse out of the film. It was also noted that without the 
subsequent annealing after coloration, the films returned to their transparent state after 
several hours in air, while films that had been annealed at 400 °C for 30 minutes 
remained colored in the same conditions. This is in agreement with the proposed 
bleaching mechanism, since any chemisorbed oxygen from the ambient cannot bleach 
the film by reaction with H+ if there are no water molecules to be dissociated inside the 
bulk structure.   
 An additional investigation to support the model presented by Luo et. al has also 
been made on crystalline tungsten oxide films, prepared by RF sputtering [29]. In situ 
Raman analysis was then performed on the films during coloration and the same 
conclusions were made regarding water and oxygen vacancy formation.  
 
It might be worthwhile to mention the difference between different structures of 
tungsten oxide, since several forms have been shown to share common properties, while 
some characteristics have also been said to improve the chromogenic behavior. When 
the structure is referred to as amorphous, this means that it has no long distance order in 
the crystal arrangement. However, local order is found, which suggests the existence of 
small clusters that can bond together either through hydrogen bonding with water 
molecules or by W-O bonds [30]. One might recognize a similarity to nanowire 
structures and understand their similar chromogenic responses. Upon increasing 
crystallization, the clusters join together to form larger crystals. Still the crystal is not 
uniform, but consist of many nanosized crystal grains. This reduces the amount of 
incorporated water [31], while the structure becomes denser and has a lower capacity to 
transfer ions and molecules. This is what causes crystalline films to have slower 
coloration response times. The color reversibility and cycling stability is however 
higher in crystalline films. It has been shown that by introducing pores of a certain size, 
the crystalline films have similar coloration response times as amorphous structures, 
while having higher coloration efficiency and with a cycling stability and charge 
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reversibility that is significantly improved relative to general amorphous tungsten oxide 
films [14].  
 The coordination geometry in crystalline bulk tungsten oxide consists of corner 
sharing octahedral with W6+ at the center and O2- in each corner [32]. Different tilts of 
these octahedral cause changes in the lattice constants, which will determine the crystal 
phase. Figure 2.4 shows the unit cell of room temperature monoclinic γ-phase, which is 
the most common phase in bulk WO3. There is also a low temperature (<230K) 
monoclinic phase referred to as the ε- phase with a tetragonal (δ) phase as an 
intermediate. Thin film phases have somewhat different stability regions and they are 
also highly dependent on the substrate material and deposition parameters. 
 

 
Figure 2.4. Crystal structure of γ-phase tungsten oxide. W6+ (grey spheres) attains the 
central position of octahedral units, with O2- (red spheres) occupying the corners. The 
structure is monoclinic, with a=7.301 Å, b=7.539 Å and c=7.689 Å, α=γ=90° and 
β=90.9°. Taken from [32] 

Since the experiments performed in this work constitute measurements of 
photoluminescence by means of excitation with an UV laser, it is also appropriate to 
treat the phenomenon of photochromism. Photochromic coloration occurs by irradiation 
of light having hv>Eg. This enables electronic transitions from the valence band to the 
conduction band, thereby allowing optical absorption in the conduction band by both 
IVCT and small polaron absorption. This is commonly accepted as the main cause for 
photochromic coloration [33]. The response is fast, with a sharp increase in the 
absorption shortly after illumination, and a transient decay followed by a slow return to 
the original state after the illumination has stopped. This behavior can be studied in 
many ways, one of which is by observing changes in the bleaching process in different 
atmospheres. The result from an experiment performed in an oxygen atmosphere [34] is 
shown in figure 2.5, where the dynamics of the bleaching process is depicted and shown 
to conform to the description given above.  
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Figure 2.5. Reflected light intensity (which is proportional to absorption) as a function 
of time after 20 s of UV exposure to a 10 nm tungsten oxide film in oxygen atmosphere. 
Taken from [34]  

After UV illumination for 20 s the absorption increased rapidly and then it decayed in a 
fast and a slow process respectively, which had separate time constants that did not 
depend on the exposure time. The absorption reached its initial value after about 1000 s. 
When the same experiment was repeated in a nitrogen atmosphere the initial changes in 
optical absorption were the same, however the leveled absorption after 1000 s was 
significantly higher. A complete reduction of the absorption was then accomplished by 
introducing ambient oxygen, as shown in figure 2.6, where the arrow indicates when the 
oxygen was introduced.  
 

 
Figure 2.6. Reflected light intensity (which is proportional to absorption) as a function 
of time after 20 s of UV exposure to a 10 nm tungsten oxide film. The arrow indicates a 
change from nitrogen to oxygen atmosphere.  Taken from [34] 
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The same results have also been found in a vacuum atmosphere [25], where a similar 
decrease could be initiated by exposure to dry oxygen gas. These results suggest that 
there are two ways in which bleaching can occur: one in which ambient oxygen is 
required for the process and one in which it is not. A more detailed analysis of these 
results show that the coloration efficiency is somewhat reduced in the presence of 
ambient oxygen [34], indicating that a bleaching process occurs simultaneously with 
coloration in this atmosphere. The net coloration was also larger in nitrogen 
atmosphere. 
 A mechanism based on the dissociation of H2O by UV irradiance was given to 
explain these observations. In this mechanism water dissociates into hydrogen ions and 
oxygen radicals according to 
 

        (2.6) 
 
where the holes, h+, that are created by the UV excitation destabilize the O-H bond and 
cause dissociation. The created O would then be trapped at oxygen vacancies in the 
structure and the reaction product would be hydrogen tungsten bronze HxWO3. In this 
mechanism, the electrons that are initially excited to the conduction band will stay there, 
since the holes in the valence band are filled through reaction (2.6). Without vacancies 
incorporated in the structure however, the reactive species at the right hand side of this 
equation would quickly recombine to H2O, so that no coloration occurs. This has been 
supported by an experiment showing weak photochromic effects in stoichiometric 
tungsten oxide films [35][34].  
 The increased net coloration of films colored in nitrogen atmosphere can be 
explained by arguing that any losses through oxygen desorption from the films would 
not be compensated by absorption of oxygen from the atmosphere. This would create 
more color centers in the form of vacancies and the absorption would consequently 
increase. It would also explain why full transparency is not recovered in environments 
with no oxygen. [34] Dissociation of O2 by reaction with conduction band electrons and 
a subsequent filling of vacancy sites would reduce the coloration both by decreasing the 
number of electrons in the conduction band and by removing color centers. It would in 
fact be interesting to compare the permanent coloration in nitrogen atmosphere to the 
increased net coloration to see how big the individual contributions are to the total 
coloration.  
 
The investigation of various chromogenic processes has shown that coloration can occur 
in many different ways, often involving the formation or decomposition of H2O. 
Although it is difficult to attribute such responses to some general material property, it 
can be concluded that coloration occurs by moving electrons into new states of energy 
from which they can transfer by optical excitation. It is therefore of primary interest to 
study what states are present in tungsten oxide and how new states can be created 
through changes in the crystal structure.  
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2.3 Band gap states 
Trap states are created when local anomalies in the crystal structure generate electron 
energy states that differ from the band energies. Previously, oxygen vacancies were said 
to act as color centers, or F-centers, and this was given as the cause for coloration by 
vacancies. The reason why they act as color centers is that the electron energies at 
vacancy sites are different from the energies in the band structure. This enables 
transitions from what become "trap states" at the vacancy sites, where the energy is 
lower than in the conduction band. Such transitions occur by optical absorption and this 
is what cause coloration by F-centers. While it is important to identify trap states in 
order to explain certain chromogenic behaviors, it can be quite difficult to relate 
experimental findings to specific physical processes.    
 
An experiment has been performed where the conductivity in amorphous tungsten oxide 
films was measured as a function of time during constant illumination with UV light at 
liquid nitrogen temperature [36]. The time dependent changes are shown in figure 7, 
where a sharp initial increase is seen at the moment of first exposure, followed by a 
decay of the conduction in three regions with separate time constants. The separate rates 
in which the conduction decayed was interpreted as result of excited electrons being 
trapped in different states after some characteristic time periods. Conduction was said to 
increase as more electrons were excited from the valence band to the conduction band 
and the subsequent decrease was explained as trapped electrons becoming less mobile 
in their trapped states.  
 

 
Figure 2.7. Electrical current measured in a transparent tungsten oxide before (a), 
during (b) and after(c) UV light exposure. The inset shows a logarithmic plot where 
three different time dependencies during conduction decay are resolved. Taken from 
[36]. 
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Measurements of photoluminescence after UV exposure in liquid nitrogen temperature 
revealed three peaks at different energies that were related to decay processes from the 
trap states. The dependency of emission intensity on time indicated that the probability 
for these decay processes were slightly different.  
 An experiment was also carried out to measure the energies associated with 
thermal activation of trapped electrons. These measurements were conducted by first 
illuminating the samples with UV light at liquid nitrogen temperature and then 
gradually heating the samples while measuring electrical conductance. The result is 
shown in figure 2.9, where three peaks in the conductance are seen at different 
temperatures.  
 

 
Figure 2.8. Emission intensity of photoluminescence measured at liquid nitrogen 
temperature from a transparent tungsten oxide film. Taken from [36]. 

 
Figure 2.9. Thermally stimulated conductivity (TSC) in transparent tungsten oxide 
measured at different temperature by means of UV light exposure at liquid nitrogen 
temperature and subsequent heating without further illumination. Taken from [36]. 

These results can be interpreted in terms of transitions between general states of energy 
and subsequent trapping at sites that enable electrical conduction [36]. However, it is 
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quite hard to identify the real character of trap states purely based on such types of 
measurements. As will be discussed in section 2.4 (and further in the appendix), many 
transition energies originate from the energies associated with structural distortions and 
relaxations. Knowledge of such effects is very useful when interpreting measurements 
of transition energies and of conduction processes.  
 The results in figure 2.9, showing thermally stimulated conductivity in 
transparent tungsten oxide by means of gradual heating after UV exposure, were 
interpreted as activations of electrons from trapped states. It has already been mentioned 
that such trap states can be hard to identify, however so far only oxygen vacancies have 
been identified as possible trap states in tungsten oxide. Polarons should also be 
considered in this context, since they can influence both the optical and conductive 
properties in tungsten oxide.      
 
Polarons are formed when the lattice structure around a local charge distorts due to 
induced changes in electrostatic interactions and orbital occupancy. Such distortions can 
appear around electrons and holes respectively. Therefore polarons can be formed in 
both the valence and conduction band when electrons are excited across the band gap. 
The charges are trapped by these distortions in a potential energy well that form when 
the structure relaxes into a minimum energy configuration. [13] "Hopping" between 
neighboring sites requires enough energy to move the charge out of the potential barrier 
and into a site with undistorted surroundings. When this process is optically initiated it 
occurs through what is referred to as a vertical transfer and it is often illustrated as in 
figure 2.10, which gives the example of an electron being transferred to an adjacent 
tungsten site from a polaronic state. The vertical arrow illustrates the transfer, while the 
curved arrows show the subsequent lattice relaxation. Polarons can also be transferred 
by phonon-interactions, which gives the conductivity a certain temperature dependence. 
The energy that is required to move the electron optically is proportional to the length of 
the vertical arrow and it is four times larger than the energy required to move it by 
thermal power. A more detailed description of polarons is given in the appendix, where 
the origin of the curves in figure 2.10 is explained using configurational coordinate 
diagrams. 
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Figure 2.10. An optical (vertical) transition from a W5+ site to a neighboring W6+ site. 
The parabolic curves illustrate the potential energy around tungsten sites. A polaron is 
formed when the structure relaxes so that the electron falls into the potential energy 
minimum. This relaxation is indicated by curved arrows and occurs through phonon-
interactions.  

In a work where conductivity was measured in amorphous and monoclinic crystalline 
WO3 films [37] it was found that the conduction had an effective activation energy of 
0.32 and 0.22 eV for the amorphous and crystalline films respectively. This would serve 
as an indication that trap states had played an important role in these films. Experiments 
also showed that the conductivity slowly increased during long time exposure to white 
light and that a subsequent transient after illumination occurred by a slow decay with 
two separate time constants. A mechanism was suggested to explain these behaviors, 
suggesting that electrons had been prevented to recombine with the holes because the 
holes were captured at trap states. A thermal release of trapped holes was suggested as 
the rate-limiting step in the decay process since a recombination of electrons with free 
holes was believed to happen very quickly.   
 
Although it is possible to show that the trap states influence various properties in 
tungsten oxide, it is difficult to relate such behaviors to physical phenomenon without 
giving too much speculation. Therefore it is important to collect as much evidence as 
possible before drawing conclusions regarding the physical processes.  

2.4 Absorption and photoluminescence  
Measurements of absorption and photoluminescence (PL) in crystalline tungsten oxide 
films have been performed on samples with varying degree of stoichiometry by 
Johansson et al. [10] in order to determine the influence of oxygen vacancies in the 
structure. The films where deposited by DC magnetron sputtering on CaF2 substrates at 
different total gas pressure, which resulted in films with different substoichiometry 
corresponding to x=0.001 and x=0.005 in the WO3-x formula.  The phase and crystal 
structure had been determined by XRD and it was found that both samples contained γ-
phase monoclinic structure, with small traces of ε-WO3 phase in the more 
substoichiometric film [9].  
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Films thicknesses were determined to 1017 and 857 nm for the WO3-0.005 and WO3-0.001 
samples respectively using interference fringes from an optical transmission 
measurement. The refractive index had been calculated by employing a method 
developed by Swanepoel [38] and the absorption coefficient was calculated as a 
function of wavelength using transmission and reflectance data. Figure 2.11 shows the 
absorption coefficient at different wavelengths for samples prepared at 10 mTorr and 30 
mTorr. The sample prepared at 10 mTorr corresponds to the WO3-0.005 film and the 
sample prepared at 30 mTorr corresponds to the more stoichiometric WO3-0.001 film. 
Absorption in the near infrared (NIR) region occurred in both samples, as well as a 
strong absorption at wavelengths below 440 nm. The latter was interpreted as interband 
excitation across the band gap, while the NIR absorption was attributed to transitions 
between localized states. The wide NIR absorption peaks were evaluated using a 
software program (Scout) that could calculate the imaginary part of the dielectric 
function using spectrophotometric data inputs. By Gaussian fitting, two curves were 
found that could match the shape of the calculated dielectric function and so the NIR 
absorption was suggested to be consisting of two separate parts. One peak appeared at 
0.73 eV for both samples and the other shifted from 0.96 to 1.16 eV with increasing 
stoichiometry. The low-energy absorption at 0.73 eV was compared both with 
transitions from polaronic states in WO3 and with transitions from neutral vacancies to 
the conduction band. Both transition processes had been suggested to have similar 
absorption energies [39][7]. The high-energy NIR absorption was attributed to 
transitions from vacancy sites that result in formation of doubly charged vacancies, 
VO

2+. These conclusions were based on findings by Wang et al. [7], who had 
investigated transitions from vacancy sites in WO3 and found that the transitions 
VO

+1→VO
+2 and VO→VO

+2, with electrons being transferred to the conduction band, had 
corresponding energies of 0.99 and 0.86 eV respectively [7]. The stronger intensity of 
the NIR absorption in films with higher vacancy concentration (as evident in figure 
2.11) was suggested as an indication that these absorption processes were involving 
oxygen vacancies. The shift in peak position for one of these absorptions was 
interpreted as an effect of distribution differences between VO, VO

+1 and VO
2+ states in 

films with different vacancy concentration. Table 2.1 presents the different absorptions 
together with their related mechanisms, as suggested by Johansson et al [10].  
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Table 2.1. Absorption energies measured by Johnasson et al. [10] in crystalline WO3-x 
samples prepared at different total gas pressures (30 mTorr and 10 mTorr), shown 
together with the suggested absorption mechanisms and corresponding transition 
energy values found by theoretical calculations. 30 mTorr correspond to a WO3-0.001 
film and 10 mTorr correspond to a WO3-0.005 film.  

30 mTorr 
Absorption energy 
(eV) 

10 mTorr 
Absorption energy 
(eV) 

Suggested 
mechanism 

Calculated [7] 
transition energy 
(eV) 

2.82 2.82 Band gap absorption 3.1 
1.16 0.96 VO

+1→VO
+2+ eCB  

&  
VO→VO

+2+ 2eCB  

0.99 
& 
0.86 

0.73 0.73 (VO)→(VO
+1) + eCB  

&  
Polaron absorption 

0.73 
& 
— 

 
 

 
Figure 2.11. Absorption coefficient shown as a function of wavelength in the region 
between 350-2500 nm for films prepared at different gas pressure by DC magnetron 
sputtering. Low gas pressure resulted in less stoichiometric films with more oxygen 
vacancies. Taken from [10] 

Photoluminescence was measured using different excitation energies, with incident 
wavelengths varying from 350 to 420 nm. In order to account for absorption and 
interference effects in the film, a so-called "interference function" (IF) was used. This 
function took into account the portion of luminescent light that exited after absorption in 
the film and interference along two optical paths.  
 The interference and absorption was accounted for through the use of Fresnel's 
equations by considering two separate paths, both originating from the same depth z 
from the air/WO3 interface. The first path corresponded to light that traveled directly 
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towards the detector from point z and the other path considered light that was first 
reflected against the CaF2 substrate and then directed towards the detector. The 
amplitude of emerging light from the surface could be calculated in both cases using 
Fresnel's equations (with knowledge of the refractive indices). The light intensity was 
obtained by multiplication with the complex conjugate amplitude, and this intensity was 
then adjusted to account for the distribution of photo-excited carriers in the film.  
Adding the intensities from both optical paths and integrating the sum over z yielded a 
number (IF) between 0 and 1, where the value would decrease if the interference was 
destructive and the absorption strong. Corrections were made on the measured 
photoluminescence by dividing the measured intensity with IF. Figure 12 shows the 
luminescence spectra obtained by Johansson et al. [10] after having made these 
corrections.   
 

 
Figure 2.12. Photoluminescence spectra from WO3-x samples prepared at a) 30mTorr 
and b) 10mTorr. Lower deposition pressure resulted in higher oxygen vacancy 
concentration. The intensities have been corrected for absorption and interference by 
use of the interference function described in the text. The curves have been shifted 
vertically for clarity and are normalized with respect to the maximum intensity in each 
curve.  Taken from [10] 

An interesting observation was made regarding peaks 1 and 2 in figure 2.12. Peak 1, 
observed at 3.02 and 3.20 eV in the 30 mTorr and 10 mTorr sample respectively, were 
comparable to the direct band gap energies found in a previous work [9] (3.10-3.18 eV), 
where the band gap had been estimated using the following equation 
 

        (2.7) 

 
where α is the absorption coefficient, A is a constant and p depends on the type of 
transition (allowed/forbidden, direct/indirect). By taking the logarithm of each side and 
plot dln(αE)/dE against E, the band gap was estimated at the peak position in the plot. 
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This method of calculating the band gap is different from the method used in [10], 
where the band gap energy was estimated at the point where the absorption starts to 
increase rapidly. The energy was then estimated to 2.82 eV. Peak 2 in figure 2.12 
appears at 2.86 and 2.91 eV in the 30 mTorr and 10 mTorr sample respectively and are 
thus in fair agreement with the reported band gap energy in [9]. 
 The fact that peak 1 and 2 seem to correspond to band gap values obtained 
through different analysis of spectrophotometric measurement data indicate that the 
method by which the data is analyzed will result in different transition energies being 
calculated. On the basis of this observation, Johansson et al. [10] notes that the energy 
values found by these two methods should be distinguished from one another. 
 
The PL energy peaks in figure 2.12 were compared with optical transition energies 
calculated by Wang et al. [7] for recombination with the valence band from charged 
vacancy states (VO

0/+1/+2).  Peak 3 is observed as a weak shoulder to peak 4 for the film 
prepared at Ptot=10 mTorr and it is not observed in the sample prepared at Ptot=30 
mTorr. Peak 3 and 4 are both higher in energy than any of the calculated values for 
transitions from vacancy sites. Therefore it was argued that these transitions had 
occurred from un-relaxed electronic states in the oxygen vacancy. This would then give 
higher PL energy, since the total energy difference between the vacancy state and the 
valence state is higher if the ions surrounding the vacancy have not relaxed into their 
lowest energy configuration. Peak 4 was said to correspond to a transition where an 
electron first falls into a positively changed vacancy (VO

+1) and then immediately 
transfers to the valence band, before the lattice has time to relax. This transition is 
written as (VO

0)*→(VO
+1) + eVB, where the * shows that it is an un-relaxed state and eVB 

shows that the electron ends up in the valence band. Similarly, peak 3 is ascribed to the 
transition (VO

+1)*→(VO
+2) + eVB. It is only visible in the sample prepared at Ptot=10 

mTorr, where the number of doubly charged vacancies were believed to be higher 
because of the higher vacancy concentration in this sample.   
 Peak 5, observed at 2.31 eV in the sample prepared at Ptot=10 mTorr and at 2.36 
eV in the film prepared at Ptot=30 mTorr, is compared with the values 2.24 eV and 2.37 
eV, which were calculated for the transitions (VO

0)→(VO
2+)* + 2eVB and (VO

0)→(VO
+1)* 

+ eVB respectively. Both these transitions initiate from relaxed crystal configurations. 
Peak 6 (at 2.07 eV) is obtained only in the sample prepared at Ptot=10 mTorr and is 
ascribed to the transition (VO

+1)→(VO
+2)* + eVB, which has been predicted by Wang et 

al. [7] to occur at 2.11 eV.  Table 2.2 presents the measured PL peak energies together 
with the suggested mechanisms that would explain the observations.  
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Table 2.2. Photoluminescence peak energies measured by Johansson et al. [10] in 
crystalline WO3-x samples prepared at different total gas pressures (30 mTorr and 10 
mTorr), shown together with the suggested transition processes and corresponding 
energy values found by theoretical calculations. 30 mTorr correspond to a WO3-0.001 
film and 10 mTorr correspond to a WO3-0.005 film.  

PL peak 10 mTorr 
PL energy 
(eV) 

30 mTorr 
PL energy 
(eV) 

Suggested 
mechanism 

Calculated [7] 
transition 
energy (eV) 

1 3.10 3.02 Direct band gap  
2 2.91 2.86 Band to band 

recombination 
 

3 ~2.68 — (VO
+1)*→(VO

+2) 
+ eVB 

 

4 2.53 2.60 (VO
0)*→(VO

+1) 
+ eVB 

 

5 2.31 ~2.36 (VO
0)→(VO

+1)* 
+ eVB 

2.37 

6 2.07 — (VO
+1)→(VO

+2)* 
+ eVB 

2.11 

 

2.5 Theoretical calculations 
In a density functional theory (DFT) study of room temperature monoclinic γ-phase 
WO3, Wang et al. [7] investigated the effect of oxygen vacancies on the electronic 
properties using two types of hybrid functionals (B3LYP and HF15LYP) [7]. These 
hybrid functionals had previously been shown to accurately reproduce experimental 
values of the band gap [40] and they were used in parallel to avoid conclusions being 
based on a fortuitous choice of functional. The band gap values were calculated to 3.1 
and 2.7 eV, using the B3LYP and HF15LYP functionals respectively.  
 Oxygen vacancies were created by removing an oxygen ion in a O-W-O-W-O 
chain along three crystallographic directions; x, y and z. In a first investigation, 
vacancies were created along the x- direction and with two different vacancy 
concentrations in WO3-x corresponding to x=0.06 and x=0.12. These concentrations 
gave rise to different band structures, where the low vacancy concentration resulted in a 
flat band below the conduction band minimum, whereas with a higher vacancy 
concentration the computations yielded a dispersed defect state that merged with the 
conduction band, resulting in metallic characteristics. This result shows that there is a 
semiconductor- to metal transition at increasing vacancy concentration.  
 An interesting observation is that with two excess electrons occupying the 
vacancy along the x- direction, there is only one accompanied band, indicating that 
these two electrons occupy the same energy state. This was also seen in a charge density 
analysis, showing that both electrons are localized inside the vacancy. These electrons 
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are not occupying any molecular orbitals, but are stabilized in the void by the Madelung 
potential of the ionic solid.  
 The tungsten ions relax outwards in response to vacancy formation in the x-
direction. This is because the under-coordination destabilizes the ions, thereby causing 
them to strengthen their bonds to the surrounding lattice rather than to move inwards 
towards the electrons by electrostatic attraction. 
 When modeling vacancy formation along the y crystallographic direction, only 
the higher vacancy concentration (x=0.12) was considered by Wang et al. [7] This 
resulted in two bands, where one of them merged with the conduction band. This 
created a continuum of states at the Fermi level, thereby yielding metallic properties. 
There is thus a semiconductor- to metal transition at increasing vacancy concentrating 
also along the y-direction. A charge density analysis reveled that the two electrons 
distribute asymmetrically in the vacancy, where both electrons occupy the same W5d 
orbital, creating a W+4 ion. 
 The vacancy formation in the z-direction resulted in two flat bands, both lying 
below the conduction band minimum. This led to the conclusion that there is no 
semiconductor- to metal transition along the z crystallographic direction. The electrons 
were shown to distribute evenly on the two undercoordinated tungsten ions along the O-
W-O-W-O chain, thereby creating two W+5 ions. Figure 2.14 shows the calculated band 
structures with oxygen vacancies along the x, y and z crystallographic directions. Figure 
2.13 gives an illustration of how electrons are distributed in the W-O-W chains in these 
different cases.  
 

 
Figure 2.13. Model showing how electrons distribute around a vacancy site in the cases 
where oxygen has been removed in x- (b), y-(c) and z (d) crystallographic direction. The 
unit cell of monoclinic γ-phase WO3 is shown in (a), where the small spheres represent 
O2- and the larger spheres represent W6+. Taken from [7] 
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Figure 2.14. Band structure diagram of monoclinic γ-phase WO3 with oxygen vacancies 
in different crystallographic directions. a) shows a case with lower vacancy 
concentration (x=0.06) in the x-direction, while b), c) and d) shows a higher 
concentration (x=0.12) along the x, y and z crystallographic directions respectively. 
Taken from [7] 

In a further investigation of WO3-x in the x crystallographic direction and at low 
vacancy concentration (x=0.06), Wang et al. [7] employed a method developed by 
Gallino et al. [41] to calculate optical transition energies from vacancy sites. The optical 
transitions (VO

0)→(VO
+1)*+eVB, (VO

+1)→(VO
+2)*+eVB and (VO

0)→(VO
+2)*+2eVB were 

found at 2.37, 2.11 and 2.24 eV respectively, using the B3LYP hybrid functional. These 
energies are shown as band gap states in figure 2.15.  
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 In connection to these computations, Wang et al. [7] pointed out that in the 
singly charged vacancy, VO

+1, the electron is localized not inside the vacancy, but on an 
uncoordinated tungsten ion, forming a W+5. This shows that the transition from a W5d 
orbital state at a vacancy site has optical transition energy comparable to the 
photoluminescence during recombination from a trapped state inside the vacancy. It 
therefore seems reasonable to believe that recombination processes in the y and z 
crystallographic directions, where the electrons are distributed in W5d orbitals, would 
generate similar photoluminescence as what is found in the x direction.   
 

 
Figure 2.15. Vacancy band gap states in WO3 corresponding to transitions between 
different charge states in the vacancy.  The dashed lines at higher energy correspond to 
the thermodynamic energy εtherm, while the solid lines at lower energies are optical 
energies εopt.  

It is important to understand the method by which the optical transition energies were 
calculated before comparing the results with experimental findings, since certain 
phenomenon are not accounted for in these computations. Transition energies from 
vacancy sites were shown to depend on the initial charge state of the vacancy. This is 
because the structural relaxation around the vacancy is different, causing the initial 
energy state of the electron to vary accordingly. It is often such relaxations that 
determine the energies associated with optical transitions, since both the initial and final 
energy state of the electron will depend on its local crystal surrounding. This is true also 
for polarons and therefore the recombination energy of electron-hole pairs from polaron 
states will be lower than the band gap energy. Polarons states are not accounted for in 
the DFT calculations however, since only thermodynamic energies are considered for 
electrons. This will cause the calculated transition energies from vacancy states to differ 
from experiment if the electrons recombines with hole-polarons in the valence band and 
it will also cause the calculated band gap to be different if the electrons and holes 
originally occupied polaron states. A more detailed description of polarons is found in 
section 7.1 of the appendix and an account of the computational method employed by 
Wang et al. [7] is given in section 7.2.   
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3. Experiment 
This section will describe the performed experiments and the instruments that have been 
used to collect the data. All components were initially separate and the goal of this work 
was to install the equipment and enable measurements of photoluminescence (PL) at 
liquid helium temperature. The experiment is presented first in this section, followed by 
a description of the samples and how these had been prepared prior to this work. 
Finally, there is a description of how corrections have been made to account for 
interference effects and abortions in the WO3 films, which could otherwise be mistaken 
for PL characteristics.   

3.1 Set-up and equipment 
In order to avoid getting broad signal peaks in the PL spectrum, the measurements were 
performed at low temperature. This would narrow the thermal distribution of the excited 
electrons in the conduction band, which in turn would produce narrower peaks and 
possibly allow a separation of signals that would otherwise combine into one.  

Figure 3.1 show how the samples were cooled using liquid helium, and how the 
temperature could be regulated using a MecuryiTC temperature control unit (TCU). The 
temperature was measured by the TCU with a thermometer placed on the sample holder 
and an automatic needle valve was used to regulate the flow of helium to keep a set 
temperature. The temperatures could be stabilized within 0.01°. All components in 
figure 3.1 were stored separately at the beginning of the project work and were then 
assembled as shown in figure 3.1.   
 The samples were placed in front of a transparent window that allowed 
measurements of photoluminescence and they were cooled by a heat exchanger brought 
into contact with liquid helium during the system operation. Gas returning from the heat 
exchanger then cooled a radiation shield that was used to protect the sample from any 
incoming radiation that could otherwise heat the sample. The system was operating 
under continuous flow, using a Microstat-HiRes2 cryostat.       
 The helium was pumped from a storage Dewar using a GF4 diaphragm pump 
with the vacuum end connected to the transfer tube and the outlet connected to a helium 
recovery line. A vacuum control unit (VC-U) was used to monitor the flow of helium in 
order to ensure that the system provided sufficient insulation. If not, the outer vacuum 
chamber in the cryostat arm and transfer tube was pumped again to 2.0*10-3 mbar. The 
outer vacuum chamber provided thermal insulation and it was separate from the space 
through which helium was transferred. Without an insulating vacuum layer separating 
the helium from the atmosphere, water from the atmosphere would freeze on the surface 
of the cryostat and it would not be possible to cool the samples down to 4 K.     
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Figure 3.1. Schematic overview of the cryogenic system. Helium is pumped from the 
cryogen storage Dewar through the transfer tube and subsequently into the cryostat. 
The returning helium is pumped out through an outer space in the transfer tube to a 
recovery line, through a vacuum control unit (VC-U) and a gas flow pump. The 
temperature was regulated by a temperature control unit (MercuryiTC) that measures 
the temperature by electrical connections to the cryostat and controls the flow of helium 
by electrical connections to an automatic needle valve on the cryogen storage Dewar.  

Figure 3.2 gives a schematic illustration of the optical set-up. In front of the sample are 
two focusing lenses that were used to collect photoluminescence light. These were 
ordered and configured during the project, together with appropriate lens mounts. One 
lens collimated the emitted light from the sample and the other focused it on a slit 
opening to a monochromator, where the wavelengths were separated and later detected 
using a photomultiplier tube (PMT). The monochromator was installed together with a 
software program that also communicated with the PMT. To allow an optical 
recombination of electrons in the WO3 films, a 355 nm laser was used to excite the 
electrons. The laser continuously illuminated the samples during each measurement. All 
components in figure 3.2 was newly purchased and never before used in the beginning 
of the project.  
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Figure 3.2. Schematic illustration of the optical experimental set-up. The sample is 
situated inside the cryostat, facing two collecting lenses (lens 1 and 2) that focus the PL 
towards a slit opening in the monochromator. Wavelengths are separated inside the 
monochromator and the light is detected with a photomultiplier tube (PMT). Lens one is 
used to focus an UV laser on the sample and it can be moved in the beam path direction 
to regulate the intensity of the laser light.    

A Gimini-180 fully automated double grating monochromator was used, which 
contained two integrated diffraction gratings, where the light was dispersed once at the 
entrance and then a second time before reaching the exit. The second grating was 
mechanically coupled to the first, which was driven by a step motor. The computer 
software program SyneGY guided this motor and could be used to control what 
wavelengths exited the monochromator. The slit widths could also be controlled via the 
computer, in order to maximize the signal-to-noise ratio. Wide slit widths result in a 
high throughput of light and low resolution (large amount of stray light is detected), 
while narrow slit widths give a high resolution but with a low signal intensity. The 
optimal conditions were found using 15 µm slits at the entrance and exit and a 30µm 
wide slit inside the monochromator. Step increments were 0.15 nm and integration time 
was 8 s. The monochromator was calibrated by measuring signals from characteristic 
emission peaks in a spectrum from a Hg lamp. Peaks at 577, 579 and 254 nm were used 
in this calibration.   
 The light was detected with a photomultiplier tube (PMT) placed inside steel 
housing, which had integrated cooling and electrical equipment. The cooling was 
provided by a thermoelectric Peltier element, where the excess heat was led off by 
water. A low voltage power supply (20V DC) supplied power to the Peltier element and 
a high voltage (1100V DC) power supply powered the detector. A current signal output 
was given to a SpectrAqc2 data acquisition system that was connected to a computer. 
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The software program SynerGY was used to collect the data obtained from the various 
measurements. 

A continuous-wave (CW) diode-pumped solid state (DPSS) laser operating at a 
fixed wavelength of 354.8 ± 0.3 nm was used to illuminate the samples and excite the 
electrons. The power output of the laser could be regulated between 1 and 24 mW via 
the computer and a neutral density filter was used to reduce this power further when this 
was needed. The laser had a beam diameter of 0.7 mm and was focused on the sample 
using a collecting lens that could be moved in the beam path direction to regulate the 
laser intensity. Equation (3.12) tells how much to move the collecting lens relative to its 
focal point in order to achieve a certain broadening of the laser beam on the sample. The 
variables in equation (3.12) are shown in the beam line sketch of figure 3.3.  The 
cryostat window has a maximum admittance angle of 142°, meaning that the laser can 
be directed towards the sample with a minimum angle of 21°.  
 

      (3.12) 

 

 
Figure 3.3. Beam line sketch of the optical path way through a focusing lens used to 
direct the laser excitation light to the sample. The angle θ is determined by the focal 
length of the focusing lens and the angle  will vary depending on the incident laser 
angle. L can be adjusted to vary the spot size on sample (D).  

 
The beam will form an oval spot on the sample with length D and width w. The width is 
given by 
 

         (3.13) 

 
where 0.7/F is the laser diameter in mm divided by the focal length F of the lens in mm. 
The spot size used in all experiments was 0.14 cm2. 
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Measurements of photoluminescence have been performed both at room temperature 
(298 K) and at liquid helium temperature (4.2 K) with an insulating vacuum inside the 
sample chamber of 2.0*10-3 mbar during cold measurements and atmospheric pressure 
during room temperature measurements. The laser light intensity was 71 mW/cm2 and 
each measurement took five hours. These measurements have been corrected for by 
taking into account absorption and interference effects in the films.  The approach 
utilized for this purpose is described in section 3.3, where the method that has been used 
to calculate the refractive index and film thickness is also presented.      
 Additional measurements were also performed where the temperature and laser 
light intensity was varied separately. All these measurements were conducted in 
vacuum (2.0*10-3 mbar).  

3.2 Samples 
The samples consisted of two crystalline WO3-x films with different degree of 
substoichiometry corresponding to x=0.001 and x=0.005. These samples were not 
prepared in this work, but they had previously been analyzed and used in measurements 
of photoluminescence at room temperature [10].  

The films were deposited on nanocrystalline CaF2 substrates by DC magnetron 
sputtering and the substrates had been rotating at a constant speed during the deposition 
in order to achieve a uniform film thickness. The substrates were heated up to 553 K in 
order to stimulate diffusion of sputtered atoms on the surface. The sputtering target was 
a 99.95% pure W plate and the sputtering was conducted in an atmosphere of mixed Ar 
and O2 gas, with gas purity of 99.998% and an O2/Ar flow ratio of 0.43. Different 
stoichiometry in the films had been achieved by changing the total gas pressure in the 
deposition chamber. A 10 mTorr pressure gave stoichiometry of x=0.005 and 30 mTorr 
gave stoichiometry of x=0.001. The films had subsequently been annealed for 1 hour at 
673 K after deposition. Both films were nanocrystalline and with similar crystal 
structure. The sample prepared at 30 mTorr consisted of a strained γ - phase monoclinic 
structure and the sample prepared at 30 mTorr contained a mixture of untrained γ - and 
ε phases. Characterizations had previously been made using x-ray diffraction 
spectroscopy (XRD), scanning electron spectroscopy (SEM), Raman spectroscopy, 
UV/vis/NIR spectroscopy and cyclic voltammetry [8-10].  
  

3.3 Interference function 
When the film thickness is comparable to the wavelength of the light, this will cause 
optical interference in the film that can either enhance or reduce the intensity of the 
light, depending on the wavelength. Such effects are noticeable in PL spectra and can 
easily be misinterpreted as material characteristics. These effects have been accounted 
for by employing the same method used by Johansson et al. [10], where Fresnel's 
equations were used to find coefficient values for light that travels in a given optical 
path. However the optical paths will in this case not be restricted to a straight line, 
perpendicular to the surface normal, since a collimating lens was used in the 
experiment. The lens will have enabled detection of light that emerged from the film at 
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different angles, and so the interference function (IF) has been modified in this work by 
integrating over a cone volume instead of a straight line.  
 Fresnel's equations require input of refractive index, absorption coefficient and 
film thickness, which are all properties that must be determined experimentally. These 
depend on the material characteristics in the films and are thus different for the two 
samples. Swaenpoel's method [38] has been employed to determine the refractive index 
and the film thickness, while the absorption coefficient was estimated from the special 
absorption: [44][10] 
 

        (3.1) 

 
where α(λ), R(λ) and T(λ) correspond respectively to the absorption coefficient, 
reflectance and transmittance as functions of the wavelength. Transmittance, reflectance 
and absorption measurements were not conducted in this work but had been measured 
previously on the samples. The data from these measurements were provided in order to 
enable an employment of the methods described here. The thickness, d, was calculated 
from the interference pattern in the transmittance spectrum, using the equation 
 

         (3.2) 
  
where n is the refractive index and m is an integer for maxima and half integer for 
minima in the transmittance spectrum. Since equation (3.2) contains the product of n 
and d, it cannot be used to calculate one without the other. In Swaenpoel's method, 
which is valid for weak to medium absorbing films, the refractive index can be 
expressed separately as 
 

        (3.3) 

 
where 
 

        (3.4) 

 
In this expression, ns is the refractive index of the substrate and TM/Tm are 
maxima/minima transmittances expressed as continuous functions of the wavelength. 
An account of how these functions were obtained is given in section 7.3 of the 
appendix. Using the calculated n values, d was obtained by taking the wavelengths at 
two adjacent maxima and inserting them into equation (3.2). The thickness can then be 
expressed as 
 

        (3.5) 
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with subscript numbers denoting separate maxima. The points that have been left 
unmarked in figures 7.5 and 7.6 show which ones were used in this calculation.  
 
Fresnel’s equations were used to express the complex amplitude of light waves that 
could reach the detector from different points within the film. These points were 
considered along a z- axis, which was parallel to the surface normal. Two scenarios 
were considered for the propagation of photoluminescence: one where the light travels 
directly towards the WO3/air interface and further towards the detector and another 
where it is first reflected against the Ca2F substrate and then directed towards the 
WO3/air interface. In the latter case, light first travels along z and then reflects at 
different angles within a cone volume from the substrate. The reason why a cone was 
used to define these angles was that the collimating lens would collect all reflected light 
within this cone. Figure 3.4 gives an illustration of this, using arrows to illustrate the 
optical paths. The other scenario is also shown in this figure, where a cone of 
proportional dimension has been used to define the possible pathways. In reality, this 
cone would have a more obtuse angle, however, in order to simplify the calculations the 
angles were set equal.   

 
Figure 3.4. Illustration of the optical paths considered in the calculation of IF. Two 
scenarios are considered for PL light that emerges from a point within a film with 
thickness d, one where the light travels directly towards the WO3/air interface (Aw/a) 
and another where it is first reflected against the substrate (Aw/s). The light is collimated 
by a convex lens and then subsequently detected (lengths in this figure are not to scale).  
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The complex amplitudes corresponding to the different pathways are denoted Aw/a and 
Aw/s for the separate scenarios, as shown in figure 3.4.  The subscripts w/a and w/s stand 
for WO3/air and WO3/substrate interfaces respectively. Aw/a and Aw/s are expressed in 
cylindrical coordinates in (3.6) and (3.7), where rw/a, rW/s and tW/a are the Fresnel 
coefficients for reflection (r) and transmission (t) in the different interfaces.  
 
 

   (3.6) 

 
 

  (3.7) 

 
The function variables r, θ, and z correspond to radius, angle and height respectively. 
These are all shown in figure 3.4. The cylindrical coordinates were obtained by 
rewriting Cartesian coordinates in the following way 
 

,   (3.8)  

   
where D is the optical path length corresponding to a space diagonal. In (3.7), z is 
replaced by d since the cone has a fixed height when light is reflected against the 
substrate. The distance z is then added to the diagonal path lengths because this is the 
optical path from the point in the film to the substrate.   
 The intensity of the light was obtained by multiplying the amplitudes Aw/a and 
Aw/s with their corresponding complex conjugate amplitudes, A*

w/a and A*
w/s. 

 

      (3.9) 

 
These intensities were then inserted into (3.10) in order to account for the distribution of 
photo-excited charge carriers within the film. The absorption coefficient at the 
excitation wavelength is expressed as αex and the optical path length of the excitation 
laser light (OPex) is expressed as a function of z, with an angle of incidence equal to 20° 
(see figure 3.5). Neglecting diffusion, the photo-carrier distribution is proportional to 
αexexp(-αexOPex), where OPex=OPex(z) and αex=αex(λex).  
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    (3.10) 

 
 
 

 
Figure 3.5. Beam line sketch for incident laser beam on film with thickness d. The angle 
of incidence is 20° and the lasers optical path distance (OP) is written as function of z.  

Adding the two intensities obtained in (3.10) and integrating over a cone with height z 
and base z/2 (dimensions proportional to the relationship between focal length and 
width of the collecting lens) gives the interference function IF  
 

     (3.11) 

 
This takes account of interference, absorption and photo-excited carrier distribution in a 
film with thickness d. The integration limits in (3.11) are consistent with both of the 
considered scenarios for photoluminescence propagation, since the integrated volume 
accounts for all possible optical path lengths in (3.6) and (3.7). The radius r is added to 
the expression in (3.11) because of the translation from Cartesian to cylindrical 
coordinates. Corrections were made on the experimentally obtained PL spectra by 
dividing measured values with IF.       
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4. Results and discussion 
The primary goal of this project was to successfully integrate the components needed in 
a cryogenic photoluminescence experiment and perform measurements on samples at 
4.2 K. This goal has been achieved and several measurements have been performed at 
both room temperature and at 4.2 K. The purpose of the measurements was to identify 
peaks characteristics in the photoluminescence spectra and relate these to the different 
oxygen vacancy contents in the samples.  
 Figures 4.1-4.3 show the data obtained from the uncoated substrate and the 
coated substrates at room temperature and at 4.2 K. Signals were received from the 
photomultiplier tube in the form of electric current, which is proportional to the light 
intensity. Table 4.1 shows the peak intensity wavelengths in the spectra obtained at 4.2 
K. The strong signals from the uncoated substrate are surprising, since CaF2 was 
expected to be fully transparent due to the large band gap of this material. Still a bright 
light was seen coming from the substrate upon illumination and the strong intensity of 
this light is likely to have overshadowed the photoluminescence from the tungsten oxide 
films. It is difficult to say what has caused these inelastic scatterings, but it is clear that 
they have made the analysis of photoluminescence very difficult. One possible reason 
could be that some unexpected non-linear interactions in the substrate have generated 
lower wavelengths by activating high-order terms in the susceptibility tensor. Another 
reason could be that the CaF2 was contaminated with some impurity that absorbed the 
excitation light and then emitted light with different wavelengths. The real cause of 
these inelastic scattering events cannot be specified without further work though.   

The signals were less intense from the coated substrates than from the uncoated 
ones, as can be seen by comparing the intensities in figures 4.1-4.3. The temperature 
dependencies are also different, where increasing intensities are obtained at decreasing 
temperature for the coated substrates. Figure 4.4 shows the results of an experiment 
where a series of measurements were performed on WO3-0.001 at different temperatures. 
A decrease in signal intensity is found at increasing temperature. This could perhaps be 
caused by an increasing absorption of scattered light in the film at increasing 
temperature, which would be expected if non-radiative recombination of electron-hole 
pairs were more frequent at higher temperatures, enabling more light to be absorbed by 
subsequent excitations.  
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Figure 4.1. Intensity spectra from CaF2 without coating, obtained by illumination with 
a 355 nm laser on a 0.14 cm2 spot with 10 mW laser power. Red and blue curve show 
the spectra obtained at room temperature and 4.2 K respectively.  

 

 
Figure 4.2. Intensity spectra from a CaF2 substrate coated with WO3-0.001, obtained by 
illumination with a 355 nm laser on a 0.14 cm2 spot with 10 mW laser power. Red and 
blue curve show the spectra obtained at room temperature and 4.2 K respectively.  
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Figure 4.3. Intensity spectra from a CaF2 substrate coated with WO3-0.005, obtained by 
illumination with a 355 nm laser on a 0.14 cm2 spot with 10 mW laser power. Red and 
blue curve show the spectra obtained at room temperature and 4.2 K respectively.  

 

 
Figure 4.4. Intensity spectra from a CaF2 substrate coated with WO3-0.001, obtained by 
illumination with a 355 nm laser on a 0.14 cm2 spot with 10 mW laser power. a) spectra 
obtained from measurements at different temperatures. b) Integrated signal intensities 
plotted against temperature, showing a decrease in intensity at increasing temperature.  
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Table 4.1. Peak intensity wavelengths in the spectra obtained from measurements at 4.2 
K on uncoated CaF2 and WO3-x coatings. 

Peak CaF2 (nm) WO3-0.001 (nm) WO3-0.005 (nm) 
1 384 385 384 
2 388 390 – 
3 405 410 405 
4 428 428 425 
5 – – 451 
6 – 477 485 
7 – ~535 535 
 
The interference function (IF) that was developed to correct measurements of 
photoluminescence was used to modify the low-temperature spectra in figure 4.2 and 
4.3, after these had been normalized.  The results are shown in figure 4.5 and 4.6 
respectively, together with IF and the original measurements from coated and uncoated 
substrates. The film thicknesses that were used in the calculations of IF were 1356 nm 
and 1378 nm for the WO3-0.001 and WO3-0.005 films respectively. These thickness values 
were obtained using equation (3.5) and the transmittance maxima shown in figure 7.5 
and 7.6 in the appendix. However, this method proved inaccurate, since the thickness 
values were highly dependent on which transmittance maxima were used in the 
calculations.  
 The modified spectra appear quite unchanged compared to the original in the 
case of WO3-0.001, while for WO3-0.005 the peaks at longer wavelengths were 
strengthened and slightly shifted to lower energy by corrections with IF. If the signals 
originated from photoluminescence, then these results would indicate that there were 
transition processes that occurred only in the less stoichiometric sample, which is what 
one would expect from the higher vacancy content. If, however the measured signals 
originated from scattered light, IF will not be suitable to make corrections, since it was 
specially designed to take account of light emerging from within the film. The two 
scenarios that were considered when calculating IF will only be valid if the light 
originates from points along the z- axis inside the film, which is not the case when light 
is scattered. Instead all light will then have emerged from the substrate, which would 
result in a different absorption and interference. To investigate how this would affect 
the correction, a new calculation of IF was made where the integration was restricted to 
the large cone volume in figure 3.4. The charge carrier distribution in the film was not 
included in this calculation, since this is irrelevant when considering scattered light. The 
modified spectra that were obtained by these corrections are shown in figures 4.7 and 
4.8. 
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Figure 4.5. Normalized intensity spectra from the substrate (purple) and the WO3-0.001 
coated substrate (blue) measured at 4.2 K, shown together with the modified spectrum 
(red) that was obtained by dividing the blue curve with IF (green) in order to account 
for absorption and interference effects in the film. IF was obtained from a calculation 
considering PL light emerging from within the film, using a film thickness of 1356 nm. 
The curves have been shifted for clarity.  

 
Figure 4.6. Normalized intensity spectra from the substrate (purple) and the WO3-0.005 
coated substrate (blue) measured at 4.2 K, shown together with the modified spectrum 
(red) that was obtained by dividing the blue curve with IF (green) in order to account 
for absorption and interference effects in the film. IF was obtained from a calculation 
considering PL light emerging from within the film, using a film thickness of 1378 nm. 
The curves have been shifted for clarity.  
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Figure 4.7. Normalized intensity spectra from the substrate (purple) and the WO3-0.001 
coated substrate (blue) measured at 4.2 K, shown together with the modified spectrum 
(red) that was obtained by dividing the blue curve with IF (green) in order to account 
for absorption and interference effects in the film. IF was obtained from a calculation 
considering scattered light emerging from the substrate surface, using a film thickness 
of 1356 nm. The curves have been shifted for clarity. 

 
Figure 4.8. Normalized intensity spectra from the substrate (purple) and the WO3-0.005 
coated substrate (blue) obtained at 4.2 K, shown together with the modified spectrum 
(red) that was obtained by dividing the blue curve with IF (green) in order to account 
for absorption and interference effects in the film. IF was obtained from a calculation 
considering scattered light emerging from the substrate surface, using a film thickness 
of 1378 nm. The curves have been shifted for clarity. 
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The peaks around 385, 405 and 425 were shifted upwards by the new corrections, 
making the spectra look more similar to that obtained from the pure substrate. This is 
true especially for WO3-0.001, where the corrections yield a spectrum almost identical to 
the one obtained from CaF2. The same cannot be said about the WO3-0.005 spectrum 
however, where peaks appear at wavelengths around 450, 487 and 527 nm. One might 
argue that these features are related to oxygen vacancies, since they appear only in the 
less stoichiometric sample. It would be more consistent to talk about absorption 
characteristics rather than photoluminescence in this case however, since the 
interference function was designed to take account of changes in the scattered light 
intensity. The peaks appear at the same wavelengths using both correction methods 
though, which make such distinctions hard to argue. It is in any case interesting to 
compare the results with theoretical calculations, to see whether any correlations can be 
identified.    
 Wang et al. [7] calculated the band gap energy to 3.1 eV, corresponding to a 
wavelength of 400 nm. Both absorption and photoluminescence is thus expected at this 
wavelength, enabling simultaneous reduction and enhancement of the scattered light 
intensity. The relative increase of the peak at 405 nm in the corrected spectra, compared 
with the spectrum from the pure substrate, implies that the photoluminescence process 
had been dominating. This can be understood by arguing that more electrons are being 
excited than are being absorbed from the scattered light, since excitations will also take 
place during the laser light incidence. To draw such conclusions, however, one would 
need to take into account both scattered light and photoluminescence in the IF 
calculation, since optical paths are different in the two cases. 
 The peaks at 450, 487 and 527 nm, appearing only in the WO3-0.005 spectrum, 
can be attributed either to interference effects or characteristic transition processes. The 
transition energies associated with recombination from vacancy states were found by 
Wang et al. [7] at corresponding wavelengths of 523, 553 and 588 nm for the transitions 
(VO

0)→(VO
+1)*+eVB,  (VO

0)→(VO
+2)*+2eVB and (VO

+1)→(VO
+2)*+eVB respectively. The 

closest correlation appears between the peak at 527 nm and the transition from a neutral 
vacancy site, resulting in photoluminescence at 523 nm. The other peaks are perhaps 
similar to what would be expected from recombination of electrons-hole pairs in 
polaron states. These energies would then be smaller than the band gap, since the 
electrons transfer from low energy states in the conduction to high-energy states in the 
valence band. The same characteristics are not seen in the spectrum from WO3-0.001 
however, which indicates that the peaks are more likely caused by interference effects. 
 A larger film thickness was used in the calculation of IF in order to see whether 
this would improve the corrections. This increase was small in comparison to the 
variation between values obtained by using different transmittance maxima in equation 
(3.5).  A thicker film is also expected from the low gas pressure used in the deposition 
chamber during manufacturing. Figure 4.9 shows the result of the new correction, where 
the modified spectrum looks quite similar to that of the pure substrate, and where the 
peaks at 450, 487 and 527 have almost disappeared. This indicates that the spectral 
differences that were induced by the tungsten oxide films can be eliminated by accurate 
accounts of absorption and interference. This in turn suggests that the major part of the 
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signals were originating from the substrate, and not from the tungsten oxide. It is clear, 
however, that the measured signals were different depending on what coating had been 
deposited on the substrate. This is likely an effect of characteristic absorption and 
interference, as well as perhaps photoluminescence. Since some features were seen only 
in the more substoichiometric sample, it is also likely that certain features are related to 
oxygen vacancies. It might even be possible to identify some of these processes by 
studying the peak shifts and relative intensities, however there are many uncertainty 
factors that would prevent definite conclusions to be made with this approach.         
   

 
Figure 4.9. Normalized intensity spectra from the substrate (purple) and the WO3-0.005 
coated substrate (blue) obtained at 4.2 K, shown together with the modified spectrum 
(red) that was obtained by dividing the blue curve with IF (green) in order to account 
for absorption and interference effects in the film. IF was obtained from a calculation 
considering scattered light emerging from the substrate surface, using a film thickness 
of 1420 nm instead of the previously used 1378 nm. The curves have been shifted for 
clarity.  

 
 

 42 



4. Results and discussion 

 
Figure 4.10. Intensity spectra from a CaF2 substrate coated with WO3-0.001, obtained by 
illumination with a 355 nm laser on a 0.14 cm2 spot at 4.2 K. a) spectra obtained from 
measurements using different laser powers. b) Integrated signal intensities plotted 
against laser power, showing a linear increase at increasing power.  

 
Figure 4.10 shows the results from measurements that were performed using different 
UV laser powers, where the signal intensity is shown to increase linearly with laser 
power. The measurements were performed at liquid helium temperature and the samples 
were situated in vacuum. During the experiment, a blue spot appeared where the sample 
had been illuminated and this did not disappear as long as the sample remained in 
vacuum. When exposed to air, the spot gradually disappeared during more than 48 
hours. This finding is in agreement with previous work [34], where an incomplete 
bleaching after photochromic coloration in vacuum was associated with oxygen 
desorption. A mechanism was suggested for the photochromic coloration, where 
structurally incorporated water dissociates in a photocatalytic reaction and form 
HxWO3. The excess oxygen are stabilized at vacancies in this model, while the 
coloration occurs by polaron absorption and intervalence change transfer in the 
conduction band. Bleaching was suggested to occur by the reverse mechanism, where 
water is formed by reaction between hydrogen and trapped oxygen. If, however, some 
oxygen desorbs from the film, the bleaching will be incomplete and the film will remain 
colored. The photochromic coloration would however require the presence of oxygen 
vacancies to begin with according to this model, since the dissociated water would 
otherwise be unstable. A completely stoichiometric film is therefore not expected to 
have photochromic properties. This work shows that an almost stoichiometric film 
(WO3-0.001) can be colored blue by long exposure to UV light in vacuum and that 
subsequent bleaching occurs by exposure to air. It is therefore suggested that oxygen 
was desorbed during the experiment and that this may have changed the vacancy 
concentration. If the coloration was caused by decomposition of water or by oxygen 
vacancy formation can however be left unsaid.   
   For future experiments it is recommended that WO3 films with larger 
thicknesses should be used, so that all incoming excitation light is absorbed in the WO3 
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film, while the interference effects are at the same time reduced. It is also recommended 
that a more accurate method for determining the film thickness be used, so that better 
corrections can be made using IF. Rutherford backscattering (RBS) would be useful for 
this if the films are not too thick, or a cross section image from a scanning electron 
microscope (SEM). When performing measurements on thin films it is very important 
to use a substrate material that is completely transparent. It is recommended that this be 
experimentally verified in future works before proceeding with any measurements on 
photoluminescence. It might also be worthwhile to make sure that the substrate material 
is free of contaminants that could otherwise interfere with the measurements by 
scattering or emitting light. This can be done by performing a mass spectroscopy 
analysis. A further investigation of what has caused the inelastic scatterings is not 
recommended however, since the time and effort that this would require would not 
likely stand in proportion to what could be gained from such an investigation.         
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5. Concluding remarks 
This project work has mainly consisted of setting up an experiment to perform 
preliminary measurements of photoluminescence from tungsten oxide films at 4.2 K. 
The practical difficulties involved in this project have been handled by consulting 
coworkers and equipment manufacturers, as well as through trial and error. By the end 
of the work the equipment had been used successfully for its intended purposes.  
Several measurements have been performed at different temperatures and as low as 4.2 
K. The results have shown that the CaF2 substrate, which was expected to be fully 
transparent due to the large band gap of this material, produced strong signals when 
being exposed to the excitation light. It was concluded that the spectra obtained from 
these measurements on the WO3 films had characteristics that were mainly caused by 
absorptions and optical interferences in the films and that the detected light was 
originating primarily from the substrate. These conclusions were drawn after having 
accounted for interference effects and absorptions in the films by using a dedicated 
function to calculate the influence on the spectrum and by employing a method that was 
developed within the project to integrate this function with respect to the optical paths 
that were enabled by using lenses to collect the photoluminescence light. The spectral 
features were yet different for the films with different stoichiometry, which could be 
related to the different oxygen vacancy contents. It is difficult, however, to identify 
specific processes that give rise to such features, since there are many uncertainty 
factors involved. Therefore, no conclusions regarding the electronic structure in 
tungsten oxide have been drawn, nor on what mechanisms are responsible for the 
chromogenic colorations. It can however be concluded that the experiment was 
successfully constructed and that the primary goal of this project has thereby been 
achieved.  

Several measurements were performed at different temperatures, resulting in 
increasing signal intensity at decreasing temperature. This result is in agreement with 
the conclusion that most light had originated from the substrate, since less absorption in 
the film is expected at low temperatures if electrons are trapped more easily when the 
temperature is low. Several measurements have also been performed using different 
excitation laser powers, which resulted in a linear increase of the signal intensity at 
increasing power.            
 To overcome the major obstacles met in this work, it is recommended that a 
different substrate material shall be used in future experiments, where a thicker WO3 
film is deposited in order to avoid optical interference. It is also recommended that an 
investigation of whether oxygen desorbs from the films during measurements in 
vacuum should be performed, since the films were colored blue during such an 
experiment in this work. The blue coloration could have resulted either from a 
formation of HxWO3, through water decomposition, or from a creation of oxygen 
vacancies. It is thus recommended that a mass spectroscopy analysis is performed to 
detect oxygen desorption during measurements in vacuum, and that an infrared 
spectroscopy analysis is performed to detect traces of hydrogen in the colored films. 

   45 



DIPLOMA WORK ON THE CHROMOGENIC BEHAVIOR OF TUNGSTEN OXIDE FILMS   

6. References              
 

[1] Deb, Satyen K. "Opportunities and challenges in science and technology of WO 3 for 
electrochromic and related applications." Solar Energy Materials and Solar Cells 92.2 
(2008): 245-258. 

[2]  Bange, K. "Colouration of tungsten oxide films: A model for optically active coatings." 
Solar Energy Materials and Solar Cells 58.1 (1999): 1-131. 

[3] C.G. Granqvist, "Electrochromic tungsten oxide films: Review of progress 1993-1998", 
Solar Energy Materials and Solar Cells 60 (2000) 201-262.  

[4] Wang, Mei Han, et al. "Research Progress in Gasochromics Mechanism of Tungsten 
Oxide Thin Films." Advanced Materials Research. Vol. 1070. 2015. 

[5] Chatten, Ryan, et al. "The oxygen vacancy in crystal phases of WO3." The Journal of 
Physical Chemistry B 109.8 (2005): 3146-3156. 

[6] Migas, D. B., et al. "Tungsten oxides. I. Effects of oxygen vacancies and doping on 
electronic and optical properties of different phases of WO 3." Journal of Applied 
Physics 108.9 (2010): 093713-093713. 

[7] Wang, Fenggong, Cristiana Di Valentin, and Gianfranco Pacchioni. "Semiconductor-to-
metal transition in WO 3− x: Nature of the oxygen vacancy." Physical Review B 84.7 
(2011): 073103. 

[8] Johansson, Malin B., Gunnar A. Niklasson, and Lars Österlund. "Structural and optical 
properties of visible active photocatalytic WO3 thin films prepared by reactive dc 
magnetron sputtering." Journal of Materials Research 27.24 (2012): 3130-3140. 

[9] Johansson, Malin B., et al. "Electronic and optical properties of nanocrystalline WO3 
thin films studied by optical spectroscopy and density functional calculations." Journal 
of Physics: Condensed Matter 25.20 (2013): 205502. 

[10] Johansson, Malin B., et al. "Optical properties of nanocrystalline WO3 and WO3-x thin 
films prepared by DC magnetron sputtering." Journal of Applied Physics 115.21 (2014): 
213510. 

[11] Deb, S. K. "Optical and photoelectric properties and colour centres in thin films of 
tungsten oxide." Philosophical Magazine 27.4 (1973): 801-822. 

[12] Granqvist, Claes G., ed. Handbook of inorganic electrochromic materials. Elsevier, 
1995. 

[13] Devreese, J. T. "Polarons." arXiv preprint cond-mat/0004497 (2000). 
[14] Brezesinski, Torsten, et al. "Highly crystalline WO3 thin films with ordered 3D 

mesoporosity and improved electrochromic performance." Small 2.10 (2006): 1203-
1211. 

[15] Gao, Peng, et al. "Porous WO3-NiO Thin Films Prepared by Sol-Gel Method for 
Selective Acetone Gas Detection." (2012). 

[16] Schlotter, P., and L. Pickelmann. "The xerogel structure of thermally evaporated 
tungsten oxide layers." Journal of Electronic Materials 11.2 (1982): 207-236. 

[17] Rajeshwar, Krishnan. "Fundamentals of semiconductor electrochemistry and 
photoelectrochemistry." Encyclopedia of electrochemistry (2002). 

[18] Levy, R. B., and M. Boudart. "The kinetics and mechanism of spillover." Journal of 
Catalysis 32.2 (1974): 304-314. 

[19] Rye, R. R., and A. J. Ricco. "Ultrahigh vacuum studies of Pd metal‐ insulator‐
semiconductor diode H2 sensors." Journal of applied physics 62.3 (1987): 1084-1092. 

[20] Liu, Yanbing, et al. "A novel hydrogen sensor based on Pt/WO 3/Si MIS Schottky 
diode." Electron Devices and Solid-State Circuits (EDSSC), 2013 IEEE International 
Conference of. IEEE, 2013. 

[21] Janata, Jiri. "Chemical modulation of the electron work function." Analytical Chemistry 
63.22 (1991): 2546-2550. 

   46 



6. References 

[22] Bange, Klaus, et al. "Investigation to the electrochromism of a-W03 in single films and 
all-solid-state devices." 1988 Intl Congress on Optical Science and Engineering. 
International Society for Optics and Photonics, 1989. 

[23] Georg, A., et al. "Mechanism of the gasochromic coloration of porous WO 3 films." 
Solid State Ionics 127.3 (2000): 319-328. 

[24] Riech, I., et al. "Effects of working pressure on physical properties of tungsten-oxide 
thin films sputtered from oxide target." Journal of Vacuum Science & Technology A 
28.2 (2010): 329-333. 

[25] Goulding, M. R., C. B. Thomas, and R. J. Hurditch. "A comparison of thermo-and 
photo-chromic behaviour in films of amorphous WO 3." Solid state communications 
46.6 (1983): 451-453. 

[26] Zhang, Ji‐ Guang, et al. "Chromic mechanism in amorphous WO 3 films." Journal of 
the Electrochemical Society 144.6 (1997): 2022-2026. 

[27] Lee, Se-Hee, et al. "Gasochromic mechanism in a-WO3 thin films based on Raman 
spectroscopic studies." Journal of Applied Physics 88.5 (2000): 3076-3078. 

[28] Luo, Jian Yi, et al. "Evidence of localized water molecules and their role in the 
gasochromic effect of WO3 nanowire films." The Journal of Physical Chemistry C 
113.36 (2009): 15877-15881. 

[29] Ou, J. Z., et al. "In situ Raman spectroscopy of H 2 interaction with WO 3 films." 
Physical Chemistry Chemical Physics 13.16 (2011): 7330-7339. 

[30] Arnoldussen, Thomas C. "A model for electrochromic tungstic oxide microstructure and 
degradation." Journal of the Electrochemical Society 128.1 (1981): 117-123. 

[31] Shigesato, Yuzo. "Photochromic properties of amorphous WO3 films." Jpn. J. Appl. 
Phys 30.7 (1991): 1457-1462. 

[32] Johansson, Malin. "Nanocrystalline Tungsten Trioxide Thin Films: Structural, Optical 
and Electronic Characterization." (2014). 

[33] He, Tao, and Jiannian Yao. "Photochromic materials based on tungsten oxide." Journal 
of Materials Chemistry 17.43 (2007): 4547-4557. 

[34] Bechinger, Clemens, et al. "On the fundamental role of oxygen for the photochromic 
effect of WO3." Journal of applied physics 74.7 (1993): 4527-4533. 

[35] Gerard, P., A. Deneuville, and R. Courths. "Characterization of a-“WO 3” thin films 
before and after colouration." Thin Solid Films 71.2 (1980): 221-236. 

[36] Manfredi, M., et al. "Conductive processes in transparent WO 3 films irradiated with 
ultraviolet light." Thin Solid Films 79.2 (1981): 161-166. 

[37] Hao, Jianhua, S. A. Studenikin, and Michael Cocivera. "Transient photoconductivity 
properties of tungsten oxide thin films prepared by spray pyrolysis." Journal of Applied 
Physics 90.10 (2001): 5064-5069. 

[38] Swanepoel, R. "Determination of the Thickness and Optical Constants of Amorphous 
Silicon." Journal of Physics E: Scientific Instruments 16.12 (1983): 1214-22. 

[39] Larsson, Anna-Lena, Bo E. Sernelius, and Gunnar A. Niklasson. "Optical absorption of 
Li-intercalated polycrystalline tungsten oxide films: comparison to large polaron 
theory." Solid State Ionics 165.1 (2003): 35-41. 

[40] Wang, Fenggong, Cristiana Di Valentin, and Gianfranco Pacchioni. "Electronic and 
structural properties of WO3: A systematic hybrid DFT study." The Journal of Physical 
Chemistry C 115.16 (2011): 8345-8353. 

[41] Gallino, Federico, Gianfranco Pacchioni, and Cristiana Di Valentin. "Transition levels 
of defect centers in ZnO by hybrid functionals and localized basis set approach." The 
Journal of chemical physics 133.14 (2010): 144512. 

[42] Janak, J. F. "Proof that∂ E∂ n i= ε in density-functional theory." Physical Review B 
18.12 (1978): 7165. 

[43] Van de Walle, Chris G., and Jörg Neugebauer. "First-principles calculations for defects 
and impurities: Applications to III-nitrides." Journal of Applied Physics 95.8 (2004): 
3851-3879. 

[44] Hong, Wu Qu. "Extraction of extinction coefficient of weak absorbing thin films from 
special absorption." Journal of Physics D: Applied Physics 22.9 (1989): 1384. 

 47 



DIPLOMA WORK: ON THE CHROMOGENIC BEHAVIOR OF TUNGSTEN OXIDE FILMS
   
 

[45] Austin, I. G., and N. F. Mott. "Polarons in crystalline and non-crystalline materials." 
Advances in Physics 50.7 (2001): 757-812. 

  

 48 



DIPLOMA WORK: ON THE CHROMOGENIC BEHAVIOR OF TUNGSTEN OXIDE FILMS   

7. Appendix  
7.1 Polarons 
In an article first published in 1969, Austin and Mott introduced the so-called 
configurational coordinate q [45]. This coordinate describes the dilatation within a trap 
site volume that alters the potential energy within that space; in other words the 
distortions that are accompanied by the formation of polarons. Introducing this 
configurational coordinate, Austin and Mott expressed the energy of a molecule as a 
parabolic function centered around a point on the q- axis on which the bond lengths 
have adjusted to their minimum energy configuration. With this point as an arbitrary 
zero, the function can be expressed as  
 

           (7.1) 
 
Austin and Mott argued that when adding an electron to the molecule the energy would 
be lowered by an amount equal to the electron energy, which varies linearly with the 
configurational coordinate as –Bq. This yields a function of the molecular energy, 
 

           (7.2) 
 
where A and B are constants. The minimum value of this equation, Emin, is found at 
q=q0, where 
 

           (7.3) 
 
and 
 

          (7.4) 
 
This energy is what is called the polaron energy and it is assigned the notation WP. The 
energy function of a molecule containing an extra electron then becomes  
 

          (7.5) 
 
Figure 7.1 show the energy of a molecule as a function of the configurational parameter 
q, both with and without an additional electron, as well as the linear dependency of q on 
the energy reduction associated with adding an electron to the molecule.  
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Figure 7.1. Configurational coordinate diagrams of a) the lattice structure, b) the 
energy of an electron and c) the lattice structure of a) with an additional electron in it. 

 
These expressions that are used to describe polarons in molecules will be adopted in the 
following discussion of polarons in the one dimensional WO3 crystal lattice. The 
discussion considers electrons but is equally valid for holes.   
 
Consider an electron transfer from site 1, where a polaron has formed, to site 2, where 
the structure is completely undistorted relative to the normal crystal lattice. The lattice 
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energy at site 1 is then determined by equation (7.5) and the energy at site 2 will be 
determined by equation (7.1). This means that the lattice around site 1 and 2 have a 
configuration corresponding to q=q0 and q=0 respectively. Transferring the electron 
from site 1 to 2 without changing the positions of the ions (Frank-Condon transfer) will 
then excite both lattice sites to higher energy states. Site 1, which is left without an 
electron and with a configuration corresponding to q=q0, attains the energy E(q0), 
whereas site 2 is excited to the energy state EP(0). The sum of these two changes in 
energy relative to their initial states will constitute the optical transition energy (in the 
case where the transfer occurs between equivalent orbital states). With εopt as notation 
for this energy, this becomes 
 

   (7.6) 
 
The optical absorption energy, which is the energy required to initiate electron 
“hopping” between sites in the conduction band, is thus twice the energy of the polaron.  
 When the transfer is thermally initiated the process looks a bit different, since 
this requires the electron to spontaneously transfer from one site to the other without 
external drive from electromagnetic radiation. This in turn requires that the electron  has 
equal energy at both sites and since the energy of an electron in the lattice depends on 
the configurational coordinate q, this must be equal on both sites.  By writing a function 
 

                      (7.7) 
 
the lattice distortions at site 1 and 2 that result in a common configurational coordinate 
q, corresponding to a minimum overall lattice excitation, can be found through a simple 
derivation    
 

    (7.8) 

 
This means that a distortion of the lattice around site 1 and 2 that correspond to 
movements along the q-axis in opposite directions with 1/2q0 will be the minimum 
lattice excitation that make the electron equally stable on both sites. This will enable 
transfer from one site to the other, and since lattice distortions are made possible 
through phonon-interactions, this process must be thermally activated. The energy 
needed for this, WH, is found by adding the changes in energy relative to the initial 
structure. 

 
       (7.9) 
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This shows that the thermal activation energy, WH, is half the polaron energy and thus 
four times lower than the optical transition energy. The chance of transfer per unit time 
will be proportional to exp(-WH/kT), where k  is the Boltzmann constant.  
 Instead of using the constant displacement of 1/2q0 to express the energy 
associated with electron transfer, this energy can be expressed using variable lattice 
displacements. These variable displacements can be expressed as functions of x, where 
x is the variable change of q. 
 

        (7.10) 
        (7.11) 

 
q1(x) and q2(x) are the respective configurational coordinate at site 1 and 2, and the fact 
that they are both functions of the same variable x means that synchronized and 
simultaneous motion has been asserted in this mathematical model. This is off course 
not a necessity in a real case, but it serves to show what effect these displacements have 
on the energies involved in electronic transitions.  By replacing 1/2q0 in equation (7.9) 
with q1(x) and q2(x), an expression for the total transition energy is found as a function 
of x.  
 

    
       (7.12) 

 
When plotted as a function of x, this forms a parabola with a vertex at x=1/2q0 and with 
an amplitude twice as large as in the curve describing potential energies resulting from 
displacements at a single site. This is shown in figure 7.2. 
 

 
Figure 7.2. Configurational coordinate diagram showing the total energy associated 
with a structural distortion around two lattice sites. 
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By the same method, a parabolic function can be found describing the energies 
associated with an electronic transition from site 2 to 1, when the initial polaron has 
formed on site 2. The polaron energy as a function of q (with the same reference) is then  
 

        (7.13) 
 
and the variable lattice displacements at site 1 and 2 as a function of x will be  
 

         (7.14) 
        (7.15) 

  
The expression for the total energy associated with electron transition from site 2 to 1 
can be found in the same way as in (7.12) 

 
    

          (7.16) 

 
This energy function is plotted together with (7.12) in figure 7.3. The resemblance to 
figure 2.10 now becomes apparent and one might realize how it is possible to illustrate 
the transition energy with a vertical arrow as in figure 2.10. However, the parabolic 
functions in such an illustration does not correspond to potential energy wells 
surrounding a lattice site, but rather to the total energy associated with an electronic 
transition as a function of the overall lattice distortion.  

 
Figure 7.3. Configurational coordinate diagram showing total energy associated with 
electronic transfer between sites as a function of the overall prior distortion of the 
lattice. The two curves correspond to the energy associated with transfer from site 1 to 
site 2 and vice versa.  
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The equations used above to describe polarons and the mechanisms that are involved in 
the transition processes offer a quite intuitive way of viewing not only polarons, but 
also localized states in general. An understanding of what influence the lattice 
configuration has on the stability of electrons in the crystal structure is very useful when 
interpreting measurements of both absorption and photoluminescence. Theoretical 
calculations are often quite comparable to experiments because they take good account 
of such effects. Polarons, however, can be hard to account for in DFT calculations and it 
might therefore be necessary to make some modifications to the computed energy 
values before comparing them to experimental findings.  
 

7.2 Computational approach 
To find the energies that are associated with shifting occupancy in electronic orbitals at 
defect sites, Gallino et al. [41] used an expression of the formation energy for charged 
defects, 
 

     (7.17)
  
 
where D is the defect, q is the dimensionless charge state of the defect,  EH and ED,q is 
the total energies of the host lattice and the host + defect supercells respectively, Ev and 
EF is the energy of the bulk valence band maximum (VBM) and the Fermi energy 
relative to VBM respectively, n is the number of removed or added atoms to create the 
defect and µ is the chemical potential of the atom.  Because chemical potentials are used 
to express the energy (EF is the chemical potential of an electron), this expression gives 
the thermodynamic energy associated with charged defect formation.  With this method, 
the way of calculating the energy associated with charge transfer to an oxygen vacancy 
is to find the Fermi energy that brings the formation energy of a q charged vacancy 
equal to that of a q' vacancy, where q' is the charge state with one more electron (q+e-). 
Expressing this energy as ε(q/q'), the expression becomes  

 
     (7.18)
  

 
which is then 
 

   (7.19)
  
thus 
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       (7.20)
  
It should be clarified that ε(q/q') represents the energy where a charged defect is 
energetically equivalent to a defect with less charge. This charge can be either negative, 
in which case electrons are being added to the defect, or it can be positive, in which case 
ε(q/q') is the energy where a positively charged defect is energetically equivalent in 
formation energy to a neutral or less positive defect.  The latter is the case when 
considering oxygen vacancies in WO3, since the energy is sought where electronic 
occupation of the vacancy is no longer thermodynamically favorable, meaning that 
positive charges (holes) will fill the vacancy site.  
 To compute ε(q/q') through equation (7.20), the total energy difference between 
the differently charged vacancy states is required. To do this, Gallino et al. [41] 
employed the theorem by Janak [42], stating that the variation in total energy through 
changes in orbital occupancy is related only to the orbital eigenvalues and thus not to 
the form of the exchange-correlation functional.  
 

        (7.21) 

 
where eh(N+1) is the Kohn-Sham eigenvalue for the highest occupied molecular orbital 
(HOMO) state in the q' charge defect and n is the portion of electrons occupying that 
orbital. An integration from 1 to 0 gives the energy associated with reducing the orbital 
occupancy to 0, where eh(N) corresponds to the eigenvalue of the lowest unoccupied 
molecular orbital (LUMO) in the q charge state defect.  
 Instead of calculating the eigenvalues for all values of n between 1 and 0, 
Gallino et al. [41] simplified equation (7.21) with the mean value theorem for integrals 
to 
 

       (7.22)
  
 
With this approach, optical transition energies can be calculated by keeping the atomic 
positions fixed. By subsequently letting the structure relax, a thermodynamic energy 
difference, εtherm, can be found by adding the difference in total energy between the 
charged state q in its relaxed configuration and in the relaxed configuration of q'.   
 

         (7.23)
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The zero energy reference was set at the top of the valence band, so that Ev=0. The 
calculated energies εtherm and εopt could then be put into a band diagram as band gap 
states with reference to the valence band maximum.  
 Figure 7.4a illustrates how these transition processes can be shown using 
parabolic curves that are energy functions of configurational coordinates. These 
coordinates are basically values that correspond to the structural distortions, where the 
point at which the parabolic function is at minimum correspond to the relaxed 
configuration of the lattice in that state. The horizontal shift between different states can 
be understood as the different charge states having different relaxed configurations, and 
the vertical shifts correspond to the difference between electronic energy states being 
added as constants to the parabola functions. This representation gives an illustrative 
view of transitions between charged states, and it also shows how the optical transition 
energy is different from the thermodynamic. [43] 
 The optical transition energy εopt will be equal to the photoluminescence energy 
PL1 that comes from recombination of an electron in the neutral vacancy state with the 
valence band. What separates this from the thermodynamic energy difference is Erel, 
and the two energies εopt and εtherm can be placed in a band diagram as in figure 7.4b.  
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Figure 7.4. a) A configurational coordinate diagram illustrating electron transitions 
between the neutral and positively charged vacancy state. b) A band gap diagram 
showing the band gap levels corresponding to the thermodynamic transition energy, 
εtherm(+1/0), and the optical transition level εopt(+1/0). 

It is also possible to express the photoluminescence PL2 that comes from transferring an 
electron from the conduction band to the positive vacancy site 
           

        (7.24) 
 
In the reverse process, where an electron is excited from the neutral vacancy state to the 
conduction band, the optical excitation energy becomes  
 

        (7.25)
  
This is how Johansson et al. [10] could compare the measured absorption in the NIR 
region with calculated energies of excitations that from doubly charged vacancy states, 
VO

+2, using the values computed by Wang et al.'s [7], shown in figure 2.15.  
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When oxygen is removed upon vacancy formation, the tungsten ions become less stable 
in their original configuration. In the relaxation process the bond lengths to neighboring 
oxygen are changed, causing variations of the bonding-antibonding interactions. A 
decreased bond length causes an increased splitting of the orbitals, with a consequent 
increase of the band gap. With localized electrons in the vacancy there is equilibrium 
between the forces, where electrostatic interactions are balanced by the binding 
interactions. When an electron is removed from the vacancy, the balance is shifted so 
that equilibrium is reached after a relaxation process with appurtenant shifts in the bond 
lengths. [5] These observations might help to explain why different band gap energies 
have been found in samples with different stoichiometry [10][9] and why oxygen 
vacancy formation has been suggested to accompany electron insertion in various 
chromogenic processes [2]. The latter observation could be a result of W-O bond 
strengths being reduced as external electrons are inserted into W5d orbital.  

7.3 Calculation of transmittance extrema functions    
Transmittance maxima and minima expressed as continuous functions of wavelength 
were obtained by cubic interpolation of maximum and minimum values. However since 
there were no such values at wavelengths below ~430 nm, an arbitrary point at 325 nm 
was chosen to represent the point where the functions reached zero. The interpolated 
functions are shown together with the transmittance spectra in figures 3.2 and 3.3.    
 

 
Figure 7.5. Transmittance spectrum for a WO3-0.001 film with transmittance extrema 
shown as continuous functions of wavelength. The extrema functions were obtained by 
cubic interpolation of the marked points. The two points that have been left unmarked 
were used to calculate the film thickness and they were also used in the interpolation.    
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Figure 7.6. Transmittance spectrum for a WO3-0.005 film with transmittance extrema 
shown as continuous functions of wavelength. The extrema functions were obtained by 
cubic interpolation of the marked points. The two points that have been left unmarked 
were used to calculate the film thickness and they were also used in the interpolation.    

 

 
Figure 7.7. Calculated refractive index curve for WO3-0.001 shown together with values 
that were obtained by an extrapolation of this curve. The extrapolated values (blue 
curve) have been used in the calculation of IF.    
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Figure 7.8. Calculated refractive index curve for WO3-0.005 shown together with values 
that were obtained by an extrapolation of this curve. The extrapolated values (blue 
curve) have been used in the calculation of IF.  The refractive indices that drop below 1 
were completely imaginary.    

The function values between 325 and 430 nm are uncertain because of the arbitrarily 
selected end-points and therefore the calculated refractive indices in this interval are 
also uncertain. Figure 3.4 and 3.5 show the calculated refractive indices, along with 
extrapolated values that were used to replace all the calculated values below 430 nm. 
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