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Abstract 
 

In this project I have studied the optical properties of electrochromic crystalline tungsten 

oxide, WO3. The practical application could be for a window for desalination of sea water 

which requires a high absorption coefficient A(λ) for near infrared radiation (NIR), while 

at the same time a high transmittance T(λ) in the visible spectral range. 

 

An electrochromic (EC) material is a material that changes its optical properties when 

inserting or extracting ions by applying a voltage. The WO3 was prepared on a glass 

substrate coated by a transparent electrical conductor. The conductor used is tin doped 

indium oxide. In2O3:Sn, indium-tin-oxide (ITO). The preparation of the thin films has 

been carried out using DC magnetron reactive sputtering. The structure of unheated 

tungsten oxide is amorphous and once heated it is crystalline. Li
+
 ions were inserted into 

the tungsten oxide material with electrochemical methods to create the coloring effect. 

The optical properties were recorded in the 330 < λ < 2500 nm wavelength range by use 

of a Perkin-Elmer Lambda 9 spectrophotometer. 

 

The highest reflectance R(λ), approximately 50% in NIR and absorption coefficient  

A(λ) = 1,5 x 10
5
 [cm

-1
], were measured for the sample that had been post annealed at 500 

deg C. The crystalline tungsten oxide films provides for a good switching capability in 

the NIR spectral range wile at the same time maintaining a high transmittance T(λ) in the 

visible spectrum. 
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1. Introduction 
 

The foundation of modern civilisation has been built on the use of easily accessible 

energy resources. The growth of developed industrial nations is predominately the result 

of energy use, and today, virtually all industrial nations have enormous energy 

requirements and consumption. The significant problem associated with this fact is that 

easily accessible fossil fuel energy sources are finite and are rapidly being diminished. 

 

At the Copenhagen climate change conference in 2009, world leaders came together to 

collectively discuss the possibility of reducing fossil fuel energy sources The main reason 

for the summit was to discuss how to stop global warming. The focus was not so much 

the over-exploitation of the world’s recourses. Global warming does however provide 

governments with an additional reason for the nations to change their energy 

consumption. While a serious problem in its own right, perhaps even more serious is that 

we destroy more of the world’s resources than we can produce. 

 

There are two main research areas for developing alternative energy. The first one is 

nuclear power. Nuclear fission was developed during the Second World War. As a result, 

nuclear power plants for civil energy production have been in existence since the 1950:s. 

While the amount of nuclear fuel is still plentiful and unlikely to be exhausted for many 

years, recourses are also limited. However, the down side of nuclear fission is the long 

term radioactive waste and the risk of a nuclear accident as witnessed at Chernobyl 

Ukraine in February 1986. Nuclear fusion on the other hand does not have the same long 

term radioactive waste that needs to be stored for thousands of years. The fuel is 

deuterium (one proton and one neutron) and tritium (one proton and two neutrons) which 

can be extracted from natural sea water. In the 1960:s Russian researchers made a 

significant discovery with nuclear fusion and they claimed that commercial use was 20 to 

50 years away. A lot of research and development has been undertaken in the field, and a 

general contention in the scientific community is that it is a solution for the future. I must 

emphasize in the future, because it seems that a solution is always 20 to 50 years away. 

Today’s researchers are still predicting that, as their colleagues before them.  

 

The second alternative energy research area is solar energy. The sun delivers electro 

magnetic (em) radiation and will continue to do so for the next few billion years. 

Therefore, it is perhaps feasible to assume that the sun is an infinite resource. There are 

numerous ways of extracting the energy of the sun. The oldest and most common is the 

water power from river waterfalls. In recent years we have witnessed the development of 

wind power, wave power and solar panels. If we could better harness solar radiation by 

absorbing or reflecting near infrared radiation (NIR), significant amount of energy could 

be saved.  

 

In this project I have studied the optical properties of electrochromic crystalline tungsten 

oxide. The practical use could be to desalinate sea water for green houses in arid areas. 

The idea is that a window will absorb NIR radiation to boil a stream of sea water thus 

desalinating it. Another alternative could be for the “smart” window application where 
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the idea is that the window will reflect the NIR part of the solar radiation. In doing this it 

will save energy used for cooling down buildings. 

 

Whilst my work is only a small contribution to the world energy crisis, it is hoped that it 

will contribute to a better world and provide some hope that the tragic story that 

happened on the Easter islands will not repeat on a global scale. We only have one world 

and only one chance! 

 

1.1 Electrochromism 

 

An electrochromic (EC) material is a material that changes its optical properties when 

inserting or extracting ions. There are two types of electrochromic materials: The ones 

that color (absorb electromagnetic radiation) upon ion ( H
+
, Li

+
, Na

+
) insertion are called 

cathodic e.g. Ti, Nb, Mo, Ta, W oxides. And further the materials that color upon ion 

extraction, i.e. oxidation, are called anodic e.g. Cr, Mn, (Fe, Co, Ni), Rh, Ir oxides [1]. In 

my project I have studied crystalline tungsten oxide, WO3.  

 

The WO3 was prepared on a glass substrate coated by a transparent electrical conductor. 

The conductor used in my case is tin doped indium oxide. In2O3:Sn, indium-tin-oxide 

(ITO). The preparation of the thin films investigated in this study has been carried out 

using DC magnetron reactive sputtering. The Li
+
 ions were inserted into the tungsten 

oxide material with electrochemical methods to create the coloring effect. 

 

The structure of unheated tungsten oxide is amorphous and once heated it is crystalline. 

The basic chemical binding structure for types, a-WO3 (amorphous) and c-WO3 

(crystalline) is that it consists of a W
6+

 ion that binds to six O
2- 

ions. Each and every
 
O

2-
 

ion is then bound to two W
6+

 ions. The insertion of Li
+
 breaks up the W-O-W network 

and reduces W
6+ 

to W
5+

. The opposite occurs for ion extraction, i.e. oxidation. The 

structures containing W
6+

 or W
5+

 result in the bleached and colored state of tungsten 

oxide. The chemical reaction formula upon inserting and extracting lithium ions is [2]: 

W
6+

O3
2-

 + x(Li
+
 + e

-
)  Lix

+ 
W(l- x)

6+ 
Wx

5+ 
O3

2- 

with oxidation numbers upraised. 

 

The energy band structure describes ranges of energy that an electron is forbidden or 

allowed to have and this determines the material’s electrical and optical properties. The 

highest occupied band is the valence band and the lowest unoccupied band is the 

conduction band. The gap between those two, the band gap, is a forbidden energy that an 

electron can not have. When it comes to the band structure of tungsten oxide the Fermi 

level is found in the band gap where electrons are not allowed to be and therefore can not 

absorb photons of energy lower than the band gap (~3eV) [2]. As the electrons (ions) are 

inserted, the Fermi level is moved up to the conduction band and since electrons are 

allowed there to absorb photons the optical properties change to a colored state. 
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1.2 Electrochromic device 

 

A device is either built up by five layers on one substrate, or by two coated substrates, 

which are laminated together with electrolyte in between. Normally, the substrate is 

glass, but flexible polymer foils may also be used. To make use of the EC effect the 

substrate is coated by electrical conductors, which have to be transparent in the visible 

wavelength interval. The ion conductor can either be a solid state electrolyte, or a viscous 

polymer. As can be seen in Figure 1 a cathodic and an anodic EC layer are combined in 

the device. Tungsten oxide (WO3) is used as the cathodic material and the anodic EC 

material is Nickel oxide (NiO). [1] 

 

 

 
 

Figure 1. Schematic picture of a device consisting of five layers and two substrates. 

 

In a Ni-W device, when applying an electric potential (+ -), the device colors when 

positive ions are transported from the anodic (+) layer to the cathodic (-) one. The device 

bleaches when the polarity is changed to transport the ions in the other direction. 

 

 

2. Experiment 
 

2.1 Sputtering 

 
Sputter deposition is a physical vapor deposition (PVD) method of depositing thin films. 

In an evacuated chamber a working gas is introduced. The gas is ionized and the ions hit 

the target. The material is ejected from the target and then deposited onto a substrate, 

such as ITO/Glass.  

 

The technique that makes sputtering possible is to form plasma of inert (Ar) working gas 

close to the target [3]. The plasma is created and sustained by applying a high DC (direct 

current) voltage between the target, serving as cathode, and an anode witch can be the 

http://en.wikipedia.org/wiki/Sputtering
http://en.wikipedia.org/wiki/Physical_vapor_deposition
http://en.wikipedia.org/wiki/Thin_film_deposition
http://en.wikipedia.org/wiki/Thin_film
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substrate. If the high voltage is over a breakdown voltage it will cause electrons to eject 

from the cathode target. The emitted electrons accelerate toward the anode and if they hit 

a working gas atom they could then ionize the atom. The positive charged working gas 

ions are then accelerated toward the cathodic target. After impact secondary electrons 

may be ejected and a self sustained glowing plasma can be established.  

 

With sufficient energy, the impinging gas ion could knock out target atoms and sputtering 

is achieved. To increase the rate of impinging Ar
+
 ions, magnetrons are placed behind the 

target to trap the electrons that ionize the gas in a magnetic field close to the source. Most 

of the energy from the working gas ions is transferred into the target as heat; hence a 

cooling system is needed to avoid melting the target during sputtering. The target atoms 

then react, on their way to the substrate, with the reactive O2 gas to form the final WO3 

compound on the substrate surface. A RF (Radio Frequency) voltage can be applied 

instead of a DC one, if the target is not electrically conductive. 

 

The targets are about 5 cm in diameter and positioned approximately 13 cm from the 

rotating substrate for a smooth surface. The mixed Ar/O2 gas ratio was 70/30. The 

sputtering pressure was set at 20, 30 and 40 mTorr to achieve different porosity in the 

sample structure. Sputtering was conducted with the power to the tungsten target being 

200 W.  

 

 
Figure 2.   The author standing next to the sputter. 
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2.2 Heating to achieve the crystalline structure 

 

If the sample is not exposed to heat the tungsten oxide will have an amorphous structure, 

a-WO3. To achieve the crystalline tungsten oxide, c-WO3, the films where exposed to 

heat. The heat exposure of the films was done directly in the sputtering process, 

afterwards in an oven so called post annealing or a combination of both. The temperature 

on the substrate was therefore set to 30, 280 and 380 degrees Celsius when sputtering. 

After sputtering some of the films were put in an oven with normal atmospheric pressure. 

The samples where then post annealed in air at temperatures 300, 400 and 500 degrees 

Celsius.  

 

 

2.3 Thickness of thin films 

 

After sputtering the films thickness was measured with a Tencor Instruments alpha-step 

200. The precision and reliability of the instrument was questionable and different 

techniques where used. The most satisfying technique, in my opinion, was when the 

needle went from ITO to film using a slow sweeping speed. The film thickness varies 

between 100 and 350 nm.  

 

 

2.4 Device 

 

I visited the company ChromoGenics in Uppsala to make devices. I was given an anodic 

NiO film and a lithium based electrolyte. To make a device you are required to laminate 

the two films with an electrolyte in between. At ChromoGenics there is a special laminate 

machine that will put a smooth pressure in this process. Unfortunately, ChromoGenics 

tend to only work with thin films on bendable polymers whilst I have the tungsten oxide 

film on glass that is not possible to bend. The result was that my samples cracked and we 

had to produce them by hand. A small amount of Lithium based electrolyte was spread 

out on one of the films and then the other film was pressed over with simple hand force. 

After laminating, one must seal the edges with glue and then you have your device. 

 

2.5 Electrochemical studies 

 

Electrochemical characterization studies were performed in order to determine the 

tungsten oxide reaction upon inserting and extracting lithium ions. 

 

Three electrodes: reference, counter and working are immersed in an electrolyte and a 

potential between the reference- and the working electrode gives rise to an electrode 

reaction and a current between the counter- and working electrode. The thin film under 

investigation was used as working electrode. Two small pieces of lithium were used as 

counter and reference electrode. The electrodes were submerged into an electrolyte of 1 

M lithium perchlorate in propylene carbonate (Li-PC) [3]. Cyclic voltammetry and the 

following galvanostatic and potentiostatic measurement were performed using Auto lab 

GPES interface. The Cyclic Voltammetry (CV) technique was used to see if the same 
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amount of lithium ions inserted also could be extracted over several repeated cycles. The 

voltage between reference and working electrode is swept between two vertexes, while 

the current between the counter- and working electrode is measured. CV was performed 

between 2.0 and 4.0 V with a scan sweep rate of 0.1 V/s measuring the current every 

second. In chrono methods the voltage or current is fixed. When inserting ions, 

galvanostatic potentiometry was used with the current I = 0.1 milliAmpere during a 

certain calculated time t in seconds. When extracting ions coulometry was used with the 

static voltage of 4.5 Volt for a certain time measuring the amount of charge extracted.  

 

The variable x is the ratio between the number of Li
+
 ions and WO3 molecules, given by:   

3WO

 Li

N

N
 x 



  , or simply x = Li
+
 / WO3 , (equation 1) 

and QLi is the total amount of Li
+ 

charge given by [4]:  QLi = I  t . The total amount of Li
+
 

ions can be calculated by:  

e

tI

e




 Li

Li

Q
N  , (equation 2) 

where e is the elementary charge. The Atomic mass (relative) [4] of Tungsten Trioxide: 

WO3 = ( m(W) + 3m(O) )  u = ( 183,85+316 )  u = 231,85  u , 

where u = 1,6605410
-24

 g is the atomic mass constant (unit) [4], 1/12 of the mass of 
12

C 

[4]. 

 

3WON is the total amount of WO3 molecules which can be calculated from the ratio 

between the mass of the film and the mass of one WO3 molecule. 

 
u231,85

dA
N

3WO






 , (equation 3) 

where A = Area of the film, d = thickness of the film,  = density of the film. The total 

mass of the film = Ad .  

 

For different x ( 0,05 ; 0,10 ; 0,20 ; 0,40 ) I calculate the time t that I should apply for the 

current I = 0.1 mA on my film, using equations (1, 2, 3): 

Iu

xdAe
xt






85,231
)(


  (equation 4). 

 

2.6 Optics 

 

The optical properties were recorded in the 330 < λ < 2500 nm wavelength range by use 

of a Perkin-Elmer Lambda 9 spectrophotometer. The equipment is a single beam 

instrument and uses a BaSO4 covered integrating sphere. When the transmittance is 

measured, the sample is placed at the entrance port and a white reflecting plate at the exit 

port, while the sample is placed at the exit port when measuring the reflectance with a 

black absorbing cup behind. Due to the geometry of the integrating sphere a 

compensating factor of 0.96 has to be multiplied to the reflectance R(λ) data. The 

absorption A(λ) were calculated according to [2]: 

 A(λ) = 1 - T(λ) - R(λ)  
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For a better comparison between the different samples the absorption coefficient was 

calculated using Hong’s formula [5]: 

 
)(

)(1
ln

1
)(






T

R

d


    

2.7 X-Ray Diffraction  

 

X-Ray Diffraction, XRD was used to determine the crystalline structure of the material. 

Atoms or molecules forming planes in the material diffract x-rays according to Bragg’s 

law [4], 

 n= 2dhkl sin  , 

where n is an integer 1, 2, 3…  is the incoming wavelength of the x-ray,   is half the 

diffraction angle, dhkl  is the distance between the planes. It is given by [4]:  

2

2

2

2

2

22
hkl

12
d

c

l

b

k

a

hG 







   ,  

where G is the length of the reciprocal vector. 

For a cubic system ( a  = b = c) we have [4]: 

222
hkld

lkh

a


    ,  

where a  is the length of the unit cell and h, k, l are the Miller indices describing a certain 

plane. 

A Siemens D5000 instrument with parallel beam and Göbel mirrors was used for XRD 

measurements, using Grazing Incidence Diffraction (GIXRD) technique with low 

incoming X-ray angle (0.5 deg.). 

2.8 Scanning Electron Microscopy (SEM) 

 

Scanning electron microscopy (SEM) is a method to investigate larger structural features 

in a material. It is a type of electron microscope that images the sample surface by 

scanning it with a high-energy beam of electrons in a raster scan pattern. The electrons 

interact with the atoms that make up the sample producing signals that contain 

information about the sample's surface topography, composition and other properties 

such as electrical conductivity. Some pictures were taken with the SEM. 

 

3. Results 
 

3.1 X-ray Diffraction (XRD) 

 

The first XRD recordings where made on “naked” ITO samples with no tungsten oxide. 

The ITO were post annealed at temperatures of 300, 400 and 500 degrees Celsius in an 

oven at normal atmospheric pressure. Figure 3 shows there is very little difference in the 

XRD recording which indicates that post annealing has a small effect on the crystal 

structure of the ITO. 

http://en.wikipedia.org/wiki/Electron_microscope
http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Raster_scan
http://en.wikipedia.org/wiki/Topography
http://en.wikipedia.org/wiki/Electrical_conductivity
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Figure 3. X-ray intensities as a function of the diffraction angle for the ITO substrate that 

has been post annealed at 300 (blue), 400 (green) and 500 (red) deg. The red bars 

indicate main peaks from the ITO. 

 

Figure 4 and 5 shows a comparison of x-ray spectra for a WO3 sample that was not post 

annealed with a sample that was post annealed at 500 deg C. The samples have the same 

sputtering conditions, they were sputtered in room temperature and the pressure was 30 

mTorr. The red bars at angle 21.3 deg., 30.4 deg. 35.4 deg. 50.9 deg. 60.6 deg. are 

present to indicate peaks from the ITO. A significant difference in XRD peaks between 

samples that are post annealed and not post annealed is observed. The sample that was 

not post annealed has no matching crystal structure (amorphous) and the peaks are mostly 

from the ITO with exception for reflection angles 22 deg and 52 deg. The sample that 

was post annealed has additional peaks for reflection angles 34, 42 and 55 deg. The 

sample has an orthorhombic [6. 00-020-1324] matching crystal structure and a tetragonal 

[6. 01-089-1287] matching crystal structure. A distinct difference in XRD peaks between 

samples that were post annealed at 300 and 400 deg C could indicate the transition from 

amorphous to crystalline structure at that post annealing temperature. 
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Figure 4. X-ray intensities as a function of the diffraction angle for a WO3 sample that 

was not post annealed compared with peaks from the ITO. New reflection angle peaks at 

22 deg. and 52 deg. can be seen. 

 

 
 

 

Figure 5. X-ray intensities as a function of the diffraction angle for a WO3 sample that 

was post annealed at 500 deg C compared with peaks from the ITO. New reflection angle 

peaks at 22 deg and 52 deg and extra peaks at reflection angles 34, 42 and 55 deg. can 

be seen. 
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3.2 Scanning Electron Microscopy (SEM) 

 

The scanning electron microscopy (SEM) method was used to investigate larger 

structural features in a sample. The sample was sputtered in 280 deg C temperature with 

background pressure of 40 mTorr and post annealed at 500 deg C. 

 

Figure 6 shows that the tungsten oxide forms round small clusters and that these clusters 

then form lager clusters. The cluster composition reminds of pictures of fractals 

calculated on simulators. 

 

  

 
 

Figure 6. The large structural features in a crystalline sample. One can see large and 

small clusters of tungsten oxide. The scale bar is 100 nm 
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Figure 7. The edge between the WO3 film and the ITO. The scale bar is 100 nm. 

 

 

3.3 Electrochemical measurements 

 

Cyclic voltammetry was performed with a voltage that is cycled for a number of times 

between 2V and 4V with a scan sweep rate of 0.1 V/s measuring the current every 

second. Figure 8 shows the measured current as a function of the voltage for different 

samples that where sputtered in room temperature and post annealed. Ideal is that the 

paths overlap but this is not always the case as seen for the sample post annealed in 300 

deg C. The amount of charge drawn in is the area under the curve to the zero line, the 

sum of the positive charge. The amount of charge drawn out is the area above the curve 

to the zero line, the sum of the negative charge. A distinct difference in shape between 

samples post annealed at 300 and 400 deg C which could indicate the transition from 

amorphous to crystalline structure. 
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Figure 8. Cyclic Voltammetry. Current as a function of voltage for different samples that 

were sputtered in room temperature and post annealed in 300 deg C (b), 400 deg C (c) 

and 500 deg C (d).  

 

 
Figure 9. Charge inserted (+) and charge extracted (o) as a function of several scan 

cycles. a) amorphous, sputtered at room temperature.  b) sputtered at room temperature, 

post annealed at 300
o
C. c) crystalline, sputtered at 280

o
C, no post anneal. d) crystalline, 

sputtered at 280
o
C and post annealed at 500

o
C.  
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Figure 9 shows the measured charge (amount of Li-ions) that is drawn in to the sample 

and drawn out of the sample. On the X-axis we have the scan (cycle) number. Ideal is 

that the (+, the sum of the positive charge) and (o, the sum of the negative charge) 

charges are equal. We see that the amount of ions drawn in (+) to the sample is the same 

as the amount drawn out (o) of the sample. This is the case even for several cycles which 

indicates stability in the process of drawing in and out Li-ions. The exception is the first 

cycle which starts in the middle (3V) of the scan sweep and the cycle is therefore not 

completed. The same goes for the last cycle that can be stopped anywhere in the cycle 

and therefore not fully completed. There is no significant difference between amorphous 

and crystalline samples, they are all stable. 

 

3.4 Optical measurements 

 

Figure 10 shows spectral transmittance T(λ) and reflectance R(λ) on a sample that was 

sputtered in room temperature and the pressure was 20 mTorr. No post annealing was 

carried out. The thickness of the film is 350 nm. The ratio between the number of Li
+
 

ions and WO3 molecules is denoted by x and is varied from 0% to 40%. 

 
 

 

 

Figure 10. Spectral transmittance T(λ) (line -) and reflectance R(λ) (dash --) as a function 

of wavelength (300nm-2500nm) for a a-WO3 sample of thickness 350 nm. Comparing 

intercalation for x = Li
+
/WO3 [eq. 1]= 0%, 10%, 40% and the as deposited (AsD). 
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Figure 11. Absorption coefficient A(λ) [10

4
 cm

-1
] as a function of wavelength for the WO3 

sample of fig. 10. Comparing intercalation for x = Li
+
/WO3 [eq. 1]= 0%, 10%, 40% and 

the as deposited (AsD). 

 

The WO3 film in figure 10 shows a large switch in the transmittance, going from 

approximately 80% (x = 0%) to 30% (x = 40%) with the line for (x = 10%) having a 

slightly higher transmittance than the line for (x = 40%). Black line indicates the as 

deposited transmittance, which is almost the same as the (x = 0%) line. We see a small 

variation (5-25%) for the reflectance between intercalation x = 0% to x = 40%. 

 

Figure 11 shows a distinct and high peak with maximum at 900 nm and absorption 

coefficient = 4,5 x 10
4
[cm

-1
] for the not post annealed sample and intercalation x = 40%. 

Absorption goes back to the as deposited state when the intercalation goes back to x = 

0%. 
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Figure 12. Integrated visible and solar transmittance, reflectance and absortance for the 

WO3 sample of fig. 10. Comparing intercalation for x = Li
+
/WO3 [eq. 1] = 0%, 10%, 

40%. 

 

In the visible spectrum in figure 12 we see a very high switch in the transmittance, going 

from approximately 90% (x = 0%, not intercalated) to 30% (x = 40% intercalated). We 

also see a high switch in the absorption, going from approximately 2% (x = 0%) to 60% 

(x = 40%). We see a small switch for the reflectance. For the solar spectrum we observe 

similar switching properties. 

 

Figure 13 shows spectral transmittance T(λ) and reflectance R(λ) of a crystalline sample 

that was sputtered in room temperature at pressure 20 mTorr. The sample was then post 

annealed at 500
o
C. The thickness of the film is 350 nm. 
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Figure 13. Spectral transmittance T(λ)(line -) and reflectance R(λ) (dash --) as a function 

of wavelength (300nm-2500nm) for a c-WO3 sample of thickness 350 nm. Comparing 

intercalation for x = Li
+
/WO3 [eq. 1] = 0%, 10%, 40% and the as deposited (AsD). 

 
Figure 14. Absorption coefficient A(λ) [10

4
 cm

-1
] as a function of wavelength. for the 

WO3 sample of fig. 13. Comparing intercalation for x = Li
+
/WO3 [eq. 1] = 0%, 10%, 

40% and the as deposited (AsD). 



19 

 

Figure 13 shows a very high switch in the NIR transmittance, going from approximately 

80% for as deposited film, to 30% for x = 0% to 0% for x = 40%. This could indicate that 

it is difficult to go back to full transparency as for the amorphous sample. The highest 

reflectance R(λ) (approximately 40% in NIR)  was measured for the sample that had been 

intercalated to 40%. The corresponding amorphous sample reflectance R(λ) is about 

30%. 

 

Figure 14 shows that a high absorption coefficient A(λ) 12 x 10
4
 [cm

-1
] and constant over 

NIR was measured for the sample that had been post annealed in 500 deg C and 

intercalated to 40%. The corresponding amorphous absorption coefficient A(λ) is about 4 

x 10
4
 [cm

-1
]  and not constant in NIR. In general one can see that a high post annealing 

temperature gives a higher reflectance and absortance. Further, the curvature is of a 

constant nature over the whole NIR spectra also. 

 
Figure 15. Integrated visible and solar transmittance, reflectance and absortance for the 

WO3 sample of fig. 13. Comparing intercalation for x = Li
+
/WO3 [eq. 1] = 0%, 10%, 

40%. 

 

Figure 15 shows that in the visible spectrum we have a very high switch in the 

transmittance, going from approximately 80% (not intercalated) to 40% (intercalated x = 

40%). We also see a high switch in the absorption, going from approximately 7% (x = 

0%) to 60% (x = 40%). We see a small switch for the reflectance. For the solar spectrum 

we observe slightly lower switching gap for both transmittance and absorption. The 

reflectance is almost constant in the solar spectrum. 

 

When comparing the post annealed sample with the not post annealed one can notice that 

the reflectance R(λ) is significantly higher (approximately 40% ) and that it is constant 
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over the whole NIR spectrum. The corresponding amorphous sample reflectance R(λ) is 

about 20% and not constant over the NIR spectrum. In general one can say that a high 

post annealing temperature gives a significantly higher reflectance and absortance in the 

NIR.  

 

The following sample (figure 16) was sputtered in 280
o
C temperature and the pressure 

was 40 mTorr. No post annealing was done. The thickness of the film is 100 nm. 

 
Figure 16. Spectral transmittance T(λ)(line -) and reflectance R(λ) (dash --) as a function 

of wavelength (300nm-2500nm) for a c-WO3 sample of thickness 100 nm. Comparing 

intercalation for x = Li
+
/WO3 [eq. 1] = 0%, 5%, 10%, 20%, 40% and the as deposited 

(AsD). 

 

Figure 16 shows a very high switch in the transmittance, going from approximately 80% 

for the line that indicates the as deposited film, to 70% for intercalation x = 0% to 40% 

for intercalation x = 40%. We see a small variation (5-25%) for the reflectance that is 

going from intercalation x = 0% to x = 40%, similar to the corresponding amorphous 

sample reflectance R(λ). 

 

Figure 17 shows a high absorption coefficient A(λ) = 9 x 10
4
 [cm

-1
] measured for the 

sample that had been intercalated 40%. The spectrum has a slight curvature in NIR. 
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Figure 17. Absorption coefficient A(λ) [10

4
 cm

-1
] as a function of wavelength for the WO3 

sample of fig. 16. Comparing intercalation for x = Li
+
/WO3 [eq. 1] = 0%, 5%, 10%, 

20%, 40% and the as deposited (AsD). 

 
Figure 18. Integrated visible and solar transmittance, reflectance and absortance for the 

WO3 sample of fig. 16. Comparing intercalation for x = Li
+
/WO3 [eq. 1] = 0%, 5%, 10%, 

20%, 40% and the as deposited (AsD). 
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Figure 18 shows that in the visible spectrum we see a switch in the transmittance, going 

from approximately 80% (none intercalated) to 50% (intercalated x = 40%). We also see 

a switch in the absorption, going from approximately 8% (x = 0%) to 40% (x = 40%). No 

observable switch for the reflectance can be seen. For the solar spectrum we observe 

slightly lower switching for both transmittance and absorption. The reflectance is almost 

constant in the solar spectrum. 

 

The following sample (figure 19) has the same sputtering conditions (280
o
C temperature, 

pressure, 40 mTorr, thickness of the film is 100 nm), but with the difference that it has 

been post annealed at 500
o
C. 

 
 

Figure 19. Spectral transmittance T(λ) as a function of wavelength (300nm-2500nm) for 

a c-WO3 sample of thickness 100 nm. Comparing intercalation for x = Li
+
/WO3 [eq. 1] = 

0%, 5%, 10%, 20%, 40% and the as deposited (AsD). 

 

In fig. 19 we see a very high switch in NIR for the transmittance, going from 

approximately T(λ)=80% for the as deposited film, to T(λ)=70% for x = 0% down to 

T(λ)=10% for x = 40%.  

 

In fig. 20 we observe a high switch in NIR for the reflectance that is going from 

R(λ)=15% for intercalation x = 0% to R(λ)=55% for x = 40%. There is no significant 

difference between the as deposited film and the intercalation x = 0% film. 
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Figure 20. Spectral reflectance R(λ) as a function of wavelength for the WO3 sample of 

fig. 19. Comparing intercalation for x = Li+/WO3 [eq. 1] = 0%, 5%, 10%, 20%, 40% 

and the as deposited (AsD). 

 
 

Figure 21. Absorption coefficient A(λ) [10
5
 cm

-1
] as a function of wavelength for the WO3 

sample of fig. 19. Comparing intercalation for x = Li+/WO3 [eq. 1] = 0%, 5%, 10%, 

20%, 40% and the as deposited (AsD). 
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Figure 21 shows a high absorption coefficient A(λ) = 1,5 x 10
5
 [cm

-1
], measured for the 

sample that been post annealed in 500 deg C and intercalated 40%. The spectrum has a 

constant curvature in NIR. 

 

 
Figure 22. Integrated visible and solar transmittance, reflectance and absortance for the 

WO3 sample of fig. 19. Comparing intercalation for x = Li+/WO3 [eq. 1] = 0%, 5%, 

10%, 20%, 40% and the as deposited (AsD). 

 

In the visual spectrum we see a switch in the transmittance, going from approximately 

90% (not intercalated) to 65% (intercalated x = 40%). We also see a switch in the 

absorption, going from approximately 1% (x = 0%) to 30% (x = 40%). There is no 

observable switch for the reflectance. For the solar spectrum we observe slightly higher 

switching for both transmittance and absorption. The reflectance is almost constant in the 

solar spectrum. 

 

When comparing the post annealed sample with the not post annealed one can observe 

that a high post annealing temperature gives a slightly higher reflectance and absortance 

coefficient but the effect is not so well marked as for the samples that had been sputtered 

in room temperature. The curvatures for reflectance and absorption coefficient are more 

constant over the whole NIR spectra for both post annealed and not post annealed 

samples. 
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For the practical application use of a window to desalinate sea water which requires a 

high absorption coefficient A(λ), the best suited sample was the sample that had been 

sputtered in 280
o
C temperature and post annealed in 500

o
C. 

 

For the smart window application which requires a high reflectance, the best suited 

sample with the highest R(λ) (approximately 50% in NIR) was the sample that been 

sputtered in 280
o
C temperature and post annealed in 500

o
C. 

 

 

4. Conclusions 

 
Film deposition was carried out with the sputtering technique. The parameters that were 

varied were the sputtering pressure and temperature. After the film deposition the 

samples where cut into four pieces and post annealed at 300, 400 and 500
o
C. 

 

Only a small difference in XRD peaks and optical properties between all samples 

regardless of sputter temperature or post annealing where noted for deposition at different 

pressure. This may indicate that pressure while depositing has little effect on the 

crystalline structure and the optical properties. 

  

For samples that had been sputtered in room temperature we see a substantial difference 

in XRD peaks and optical properties between different samples with different post 

annealing temperatures. For samples that had been sputtered in 280
o
C temperature we see 

a notable difference in XRD peaks and optical properties for samples with different post 

annealing temperatures. For samples that had been sputtered in 380
o
C temperature we see 

a small difference in XRD peaks between different samples with different post annealing 

temperatures. This may indicate that post annealing has most effect for low temperature 

deposited films and has little effect on films deposited at high temperature. 

 

Intercalation into the sample was done with Lithium ions. The amount of ions drawn in to 

the sample was the same as the amount drawn out of the sample. This was the case even 

for several cycles which indicates stability in the process of drawing in and out Li-ions. 

 

For optical observations one can conclude that a higher intercalation results in a higher 

reflection and absortance in the near infrared range. The absolute highest reflectance and 

absorbtance were measured for a sample sputtered at high temperature and post annealed 

at 500
o
C. 

 

For the practical application use of a window for desalination of sea water which requires 

a high absorption in NIR, while at the same time a high transmittance T(λ) in the visible 

spectrum, the crystalline tungsten oxide films offer a satisfying option. It provides for a 

good switching capability in the NIR spectrum while at the same time a high 

transmittance in the visible spectral range. 
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Now, for the smart window application which requires a high reflectance switch in NIR, 

while at the same time a high transmittance in the visible spectrum, crystalline tungsten 

oxide films will offer an alternative. They offer a switching capability in NIR combined 

with almost no switching and high transmittance in the visible spectrum.  

 

Due to their high absorption capability crystalline tungsten oxide films can also be used 

as an alternative to thermochromic VO2 based coatings. Therefore NIR electrochromic 

devices may be based on crystalline tungsten oxide films. 
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6. Appendix 
 

Sample 

Sputter 

Pressure 

Sputter 

Time 

Deposit 

speed 

Film 

Thickness 

Sputter 

Temp. 

Post 

annealed 

Time 

Post 

annealed 

Temp 

ID.Nr. p t d/t d T A.t A.T 

  (mTorr) (min) (nm/s) (nm) (oC) t1+t2 (min) (oC) 

1061 20 15 0.389 350 30     

1062 20 15 0.389 350 30 90+120 300 

1063 20 15 0.389 350 30 90+120 400 

1064 20 15 0.389 350 30 90+120 500 

1071 30 16 0.26 250 30     

1072 30 16 0.26 250 30 90+120 300 

1073 30 16 0.26 250 30 90+120 400 

1074 30 16 0.26 250 30 90+120 500 

1081 40 22 0.15 200 30     

1082 40 22 0.15 200 30 90+120 300 

1083 40 22 0.15 200 30 90+120 400 

1084 40 22 0.15 200 30 90+120 500 

1111 20 13.5 0.37 300 280     

1112 20 13.5 0.37 300 280 90+120 300 

1113 20 13.5 0.37 300 280 90+120 400 

1114 20 13.5 0.37 300 280 90+120 500 

1131 40 18 0.09 100 280     

1132 40 18 0.09 100 280 90+120 300 

1133 40 18 0.09 100 280 90+120 400 

1134 40 18 0.09 100 280 90+120 500 

1141 30 16 0.21 200 280     

1142 30 16 0.21 200 280 90+120 300 

1143 30 16 0.21 200 280 90+120 400 

1144 30 16 0.21 200 280 90+120 500 

1211 20 10     380     

1212 20 10     380 120+180 500 

1221 30 12     380     

1222 30 12     380 120+180 500 

1241 40 30     380     

1242 40 30     380 120+180 500 

Tabel 1. Sputtering and post annealing conditions for the WO3 samples. t1 = Rising 

temperature time from 0
o
C to post annealed temperature. t2 = time at post annealed 

temperature. 

 

The 10xx series is sputtered at room temperature. The 1060 sample is sputtered at 20 

mTorr pressure. The 1070 sample is sputtered at 30 mTorr pressure. The 1080 sample is 

sputtered at 40 mTorr pressure. The 11xx series is sputtered at 280
o
C temperature. The 

1110 sample is sputtered at 20 mTorr pressure. The 1130 sample is sputtered at 40 mTorr 

pressure. The 1140 sample is sputtered at 30 mTorr pressure. 
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The samples are then cut in to 4 parts. A sample ending with nr.1 is not post annealed. A 

sample ending with nr.2 is post annealed at 300
 o
C; sample ending with nr.3 is post 

annealed at 400
 o
C and sample ending with nr.4 is post annealed at 500

 o
C. 

 

The 12x series is sputtered at 380
o
C temperature. The 1210 sample is sputtered at 20 

mTorr pressure. The 1220 sample is sputtered at 30 mTorr pressure. The 1240 sample is 

sputtered at 40 mTorr pressure. A sample ending with nr.1 is not post annealed. A sample 

ending with nr.2 is post annealed at 500
 o
C.  

 

The post annealed time is divided in to t1 and t2. t1 is the time taken to reach the 

annealing temperature going from 0
o
C to post annealed temperature. t2 is the time at post 

annealed temperature. 

 

6.1 Cyclic Voltammetry 

 

 

 
 

Figure 1100CV.  Cyclic Voltammetry. Current as a function of voltage for different 

samples that were sputtered at 280 deg C temperature. Samples 1134 and 1144 were post 

annealed at 500 deg C. 
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Figure 1100CV shows the 1130 series that were sputtered in 280 deg C temperature and 

post annealed in 500 deg C (1134). We see a distinct difference in shape between sample 

post annealed (pa) and no (pa) which could indicate the transition from amorphous to 

crystalline structure. The 1140 series were sputtered in 280 deg C temperature and post 

annealed in 500 deg C (1144). We see a small difference in shape between samples in the 

1130 series and 1140 which could indicate that sputter pressure has little effect on the 

crystalline structure. 

 

 
Figure 1000 Qi/o. Comparing Q in and Q out for different samples in the 1060, 1070 and 

1040 series. 
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Figure 1100 Qi/o. Comparing Q in and Q out for different samples in the 1110, 1130 and 

1140 series. 

 

 

 

6.2 Optics 

 

Spectral transmittance T(λ), absorption coefficient A(λ) and reflectance R(λ) were 

calculated and plotted in MatLab. 

3WO

 Li

N

N
 x 



  or simply x = Li
+
 / WO3 , (equation 1) varies from 5% to 40% 

 

Comparing the 1060 series. Sputtered in room temperature and background pressure 20 

mTorr. Spectral transmittance and reflectance as a function of wavelength for sample 

1061 is shown in figure 10. Absorption coefficient A(λ) is shown in figure 11. Spectral 

transmittance and reflectance as a function of wavelength for sample 1064 is shown in 

figure 13. Absorption coefficient A(λ) is shown in figure 14. 
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Figure 1062TR. Spectral transmittance T(λ)(line -) and reflectance R(λ) (dash --) as a 

function of wavelength (300nm-2500nm) for a WO3 sample of thickness 350 nm. Post 

annealing 300 C. Comparing intercalation for x = Li+/WO3 [eq. 1] = 0%, 5%, 10%, 

40% and the as deposited (AsD). 

 
 

Figure 1062A. Absorption coefficient A(λ) [10
4
 cm

-1
] as a function of wavelength. for the 

WO3 sample of 1062. Comparing intercalation for x = Li+/WO3 [eq. 1] = 0%, 5%, 10%, 

40% and the as deposited (AsD). 
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Comparing the 1070 series. Sputtered in room temperature and pressure 30 mTorr. 

 
 

Figure 1071TR. Spectral transmittance T(λ)(line -) and reflectance R(λ) (dash --) as a 

function of wavelength (300nm-2500nm) for a WO3 sample of thickness 250 nm. No post 

annealing. Comparing intercalation for x = Li+/WO3 [eq. 1] = 0%, 10%, 40% and the 

as deposited (AsD). 

 
Figure 1071A. Absorption coefficient A(λ) [10

4
 cm

-1
] as a function of wavelength. for the 

WO3 sample of 1071. No post annealing. Comparing intercalation for x = Li+/WO3 [eq. 

1] = 0%, 10%, 40% and the as deposited (AsD). 
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Figure 1074TR. Spectral transmittance T(λ)(line -) and reflectance R(λ) (dash --) as a 

function of wavelength (300nm-2500nm) for a WO3 sample of thickness 250 nm. Post 

annealing 500 C. Comparing intercalation for x = Li+/WO3 [eq. 1] = 0%, 10%, 40% 

and the as deposited (AsD). 

 

 
 

Figure 1074A. Absorption coefficient A(λ) [10
4
 cm

-1
] as a function of wavelength. for the 

WO3 sample of 1074. Post annealing 500 C. Comparing intercalation for x = Li+/WO3 

[eq. 1] = 0%, 10%, 40% and the as deposited (AsD). 
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Here we see a small difference in optical properties between samples in the 1060 series 

and 1070 which once again could indicate that sputtering pressure has little effect on the 

crystalline structure and the materials optical properties. 

 

Comparing the 1130 series that was sputtered in 280 
o
C temperature and pressure 40 

mTorr. Spectral transmittance and reflectance as a function of wavelength for sample 

1131 is shown in figure 16. Absorption coefficient A(λ) is shown in figure 17. 

 
Figure 1132TR. Spectral transmittance T(λ)(line -) and reflectance R(λ) (dash --) as a 

function of wavelength (300nm-2500nm) for a WO3 sample of thickness 100 nm. Post 

annealing 300 C. Comparing intercalation for x = Li+/WO3 [eq. 1] = 0%, 5%, 10%, 

20%, 40% and the as deposited (AsD). 
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Figure 1132A. Absorption coefficient A(λ). Post annealing 300 C. Comparing 

intercalation for x = Li+/WO3 [eq. 1] = 0%, 5%, 10%, 20%, 40% and the as deposited 

(AsD). 

 

Spectral transmittance and reflectance as a function of wavelength for sample 1134 is 

shown in figure 19 and 20. Absorption coefficient A(λ) is shown in figure 21. 

 

To research the stability of the WO3 samples spectral transmittance and reflectance were 

recorded after drawing Li out back to x = 0%. 

 
 

Figure 1134D. Spectral transmittance T(λ)(line -) and reflectance R(λ) (dash --) as a 

function of wavelength (300nm-2500nm) for a WO3 sample of thickness 100 nm. Post 

annealing at 500 
o
C. Comparing intercalation for x = Li+/WO3 [eq. 1] = 5%, 10%, 

20%, 40% and the as deposited (AsD). 

 

Figure 1134D shows the difference after drawing Li out to x = 0% after inserting x = 5%, 

x = 10%, x = 20%, x = 40% and the as deposit. A small but significant difference in NIR 

transmittance for the different intercalations after inserting and drawing Li out back to x 

= 0%. No difference for reflectance is observed. 

 

Comparing the 1140 series.  

Sputtered in 280 C temperature and background pressure 30 mTorr.  
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Figure 1141TR. Spectral transmittance T(λ)(line -) and reflectance R(λ) (dash --) as a 

function of wavelength (300nm-2500nm) for a WO3 sample of thickness 200 nm. No post 

annealing. Comparing intercalation for x = Li+/WO3 [eq. 1] = 0%, 5%, 10%, 20%, 40% 

and the as deposited (AsD). 

 
Figure 1141A. Absorption coefficient A(λ). No post annealing. . Comparing intercalation 

for x = Li+/WO3 [eq. 1] = 0%, 10%, 20% and the as deposited (AsD). 
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Figure 1141S. Integrated visible and solar spectral transmittance, reflectance and 

absortance. . Comparing intercalation for x = Li+/WO3 [eq. 1] = 0%, 5%, 10%, 20%, 

40%. 

 
Figure 1143TR. Spectral transmittance T(λ)(line -) and reflectance R(λ) (dash --) as a 

function of wavelength (300nm-2500nm) for a c-WO3 sample of thickness 200nm. Post 

annealing at 400 C. Comparing intercalation for x = Li+/WO3 [eq. 1] = 0%, 5%, 10%, 

20%, and the as deposited (AsD). 
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The blue line is drawing Li out to x = 0% after doing CV. 

The green line is drawing Li out to x = 0% after inserting x = 20%. 

 
Figure 1143A. Absorption coefficient A(λ). Post annealing at 400 C. Comparing 

intercalation for x = Li+/WO3 [eq. 1] = 0%, 5%, 10%, 20%, and the as deposited (AsD). 

 

   
Figure 1143S. Integrated visible and solar spectral transmittance, reflectance and 

absortance. Comparing intercalation for x = Li+/WO3 [eq. 1] = 0%, 5%, 10%, 20%, 

and the as deposited (AsD). 
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6.3 X-ray Diffraction  

 

Comparing the ITO series. 

Post annealed in 300, 400 and 500 deg. 

 
Figure ITO. Comparing the glass substrate, ITO and ITO post annealed in 300 deg. 

The 1080 series was sputtered in room temperature and pressure 40 mTorr.  
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Figure 1081. X-ray intensities as a function of the diffraction angle for a WO3 sample 

that was not post annealed compared with peaks from the ITO. 

 
Figure 1082. X-ray intensities as a function of the diffraction angle for a WO3 sample 

that was post annealed at 300 deg C compared with peaks from the ITO. 

 
Figure 1083. X-ray intensities as a function of the diffraction angle for a WO3 sample 

that was post annealed at 400 deg C compared with peaks from the ITO. 
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Figure 1184. X-ray intensities as a function of the diffraction angle for a WO3 sample 

that was post annealed at 500 deg C compared with peaks from the ITO. 

 

A small difference in XRD peaks between samples in the 1070 series (figure 4, 5) and 

1080 which could indicate that background pressure has little effect on the crystalline 

structure. 

 

Comparing the 1110 series.  

Sputtered in 280 C temperature and pressure 20 mTorr.  
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Figure 1111. X-ray intensities as a function of the diffraction angle for a WO3 sample 

that was not post annealed compared with peaks from the ITO. 

 

 
Figure 1112. X-ray intensities as a function of the diffraction angle for a WO3 sample 

that was post annealed at 300 deg C compared with peaks from the ITO. 

 
Figure 1113. X-ray intensities as a function of the diffraction angle for a WO3 sample 

that was post annealed at 400 deg C compared with peaks from the ITO. 
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Figure 1114. X-ray intensities as a function of the diffraction angle for a WO3 sample 

that was post annealed at 500 deg C compared with peaks from the ITO. 

 

A distinct difference in XRD peaks between sample post annealed in 300 (sample 1112) 

to 400 deg C (sample 1113) which could indicate the transition from amorphous to 

crystalline structure. 

 

The 1130 series was sputtered in 280 C temperature and pressure 40 mTorr.  
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Figure 1133. X-ray intensities as a function of the diffraction angle for a WO3 sample 

that was post annealed at 400 deg C compared with peaks from the ITO. 

 

The 1140 series was sputtered in 280 C temperature and pressure 30 mTorr.  

 
Figure 1142. X-ray intensities as a function of the diffraction angle for a WO3 sample 

that was post annealed at 300 deg C compared with peaks from the ITO. 

 

 

 
Figure 1143. X-ray intensities as a function of the diffraction angle for a WO3 sample 

that was post annealed at 400 deg C compared with peaks from the ITO. 
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Clear XRD peaks in samples 1143 and also in 1142 which could indicate that post 

annealing in 300 deg C have crystalline structure for samples sputtered in 280 
o
C 

temperature. A small difference in XRD peaks between sample 1133 and 1143 which 

could indicate that pressure has little effect on the crystalline structure. 

 

Comparing the 1210 series. Sputtered in 380 
o
C temperature and pressure 20 mTorr.  

 
Figure 1211. X-ray intensities as a function of the diffraction angle for a WO3 sample 

that was not post annealed compared with peaks from the ITO. 
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Figure 1212. X-ray intensities as a function of the diffraction angle for a WO3 sample 

that was post annealed at 500 deg C compared with peaks from the ITO. 

 

Comparing the 1220 series. Sputtered in 380 
o
C temperature and pressure 30 mTorr.  

 
Figure 1221. X-ray intensities as a function of the diffraction angle for a WO3 sample 

that was not post annealed compared with peaks from the ITO. 
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Figure 1222. X-ray intensities as a function of the diffraction angle for a WO3 sample 

that was post annealed at 500 deg C compared with peaks from the ITO. 

 

Comparing the 1240 series. Sputtered in 380 
o
C temperature and pressure 40 mTorr.  

 
Figure 1241. X-ray intensities as a function of the diffraction angle for a WO3 sample 

that was not post annealed compared with peaks from the ITO. 
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Figure 1242. X-ray intensities as a function of the diffraction angle for a WO3 sample 

that was post annealed at 500 deg C compared with peaks from the ITO. 

 

Clear XRD peaks can be seen in all samples sputtered in 380 deg C temperature which 

could indicate that post annealing have little effect on the crystalline structure for samples 

sputtered in 380 
o
C temperatures. A small difference in XRD peaks between samples in 

the 1200 series sputtered in different pressure which could indicate that sputtering 

pressure has little effect on the crystalline structure. 


