
  

 
 
 

Examensarbete 
 
 

VO2 films as active infrared shutters 
 
 

Daniel Johansson 
 
 

LiTH-IFM-EX--06/1573--SE 



 
 



  

 

Master Thesis 

VO2 films as active infrared shutters 
 

Daniel Johansson 

 

LiTH-IFM-EX--06/1573--SE 

Master Thesis: 20 p 

Level: D 

Supervisor: Stefan Björkert, Swedish Defence Research Agency (FOI) 

Examiner: Hans Arwin, Linköping University 

Linköping, February 2006 



 



  

 

 

Abstract 
 
An active optical shutter for infrared light (3-5 µm) has been designed, exploiting the phase 

transition in thermochromic vanadium dioxide (VO2). A spin coating processing route for 
VO2 films has been adapted to manufacture reproducible depositions onto sapphire (Al2O3) 
substrates. The VO2 films have been characterized by X-ray powder diffraction (XRPD) and 
infrared spectroscopy (FTIR), showing 55 % transmittance in the open mode and 0.1 % in the 
closed mode. 

The VO2 film temperature determines the operating mode of the shutter, and a resistive 
circuit of gold was deposited on top of the film for heating purposes. Switching times from 
the open to the closed mode down to 15 ms have been measured. 

This work is a part of a comprehensive project at the Swedish Defence Research Agency 
(FOI), aiming to improve active components for protection against lasers. The shutter within 
this work is at this stage an early prototype, and needs further development and 
complementary systems such as a control unit to be implemented in an optical system. 



 



  

 

 

Preface 
 
This document is the report of a twenty-week (20p) diploma thesis in the autumn of 2005 

completing my Master’s degree in Applied Physics and Electrical Engineering at Linköping 
University. Examiner was Hans Arwin, Department of Physics, Chemistry and Biology 
(IFM), Linköping University. 

 In this work, a shutter for infrared light has been constructed at the Swedish Defence 
Research Agency (FOI), Division for Sensor Technology, Department of Functional Materials 
in Linköping, Sweden. In parallel and in cooperation with my own work, the heating device 
and a control system has been developed at the Department of Micro Wave Technology and 
the Department of Radar Sensors, respectively. 

Some experimental work and measurements have been done externally, outside FOI. The 
scanning electron microscope was used at Linköping University (LiU). The development of 
special electrodes has been done at Université Claude Bernard, Lyon (UCBL) and at the 
Swedish University of Agricultural Sciences, Uppsala (SLU). 

The reader is assumed to have knowledge in physics comparable to undergraduate 
university studies. 

Reading advice: 

Chapter 1 (Introduction) will hopefully make it easier to understand the contents of the 
thesis. Among other things, it presents the problem description, project goals and the 
approach used. 

Chapter 2 (Theory and modelling) treats physical models used for interpreting observations 
and measurements regarding electrical, optical and physical properties of the VO2 films. The 
last section is written as a theoretical background to the sol-gel chemistry used in the VO2 
film processing. 

Chapter 3 (Characterization methods) contains a brief description of how the instruments 
work in theory, in practice and presents the used instrument settings. 

Chapter 4 (Processing) can be viewed as a part of the results, since the processing steps of 
the VO2 films have evolved during the project. Specific settings and environmental 
parameters are presented, and a recipe to reproduce the best VO2 film is given. 

Chapter 5 (Results and discussion) presents measurement results and comments. 

Chapter 6 (Conclusion) is a summary of the results, presenting the most important findings. 

Chapter 7 (Future work) gives guidelines in how to carry on with the project and how to 
improve the device.
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1 Introduction 

For more than a decade, comprehensive research has been done at the Swedish Defence 
Research Agency (FOI), aiming to improve optical systems by developing active components 
for protection against lasers. This diploma work concerns one of the ideas that has evolved - a 
shutter for infrared light with the use of vanadium dioxide (VO2). 

1.1 Background 

For our purposes, light and optical properties of materials are central. Optical systems are 
often designed for, and referred to a certain light wavelength region. By studying the 
electromagnetic spectrum (Figure 1-1), we find the infrared (IR) region next to the visible 
light. The objective of this thesis was a shutter designed for wavelengths 3-5 µm. 

 
Figure 1-1 Light wavelengths and notations within the electromagnetic spectrum. [1] 



 12 

1.1.1 Transmittance, reflectance and absorption 
Consider light incident on an interface between two materials. Some of the light is 

transmitted through the interface and some is reflected. The intensity for the incident light is 
denoted I0, the reflected light Ir and the transmitted light It. The transmittance, T, and 
reflectance, R, are defined by the following ratios: 

Transmittance: 
0I

I
T t=  Reflectance: 

0I
IR r=  

Transmittance and reflectance are often given in percent, and T + R should equal unity 
(100%) for all interfaces. Apart from the frequency-dependent refractive indices of both 
materials at the interface, T and R also depend on the angle of incidence and on interference 
effects (multiple reflections). 

To define the absorption coefficient, we consider material in which a light ray travels along 
the x-axis. Assume that the light intensity is I(0) at position x = 0. When the light reaches x = 
d, some of it has been absorbed and the intensity I(d) remains. The absorption coefficient, α, 
is defined as:  deIdI α−⋅= )0()( .

In optical measurements, reflectance and transmittance are most often obtained from a 
whole device - not just a single interface. This can complicate the characterization of a 
material since all present interfaces and materials contribute to the measured quantity. Of 
course, T and R can still be measured for a device with more than one interface. In this case, 
the relation T + R = 1 holds only in the absence of absorption (α = 0) in all materials. 

A good shutter has a large difference in transmittance between the open and the closed 
mode. This difference is referred to as the contrast. 

1.1.2 Optical damping and optical density 
An alternative way of specifying transmittance is by the logarithmic term optical damping, 

TdB, given in dB. The definition is )log(10 TTdB −= , where the minus sign is for convenience; 
0 < T < 1 yields TdB > 0. 

Another commonly used notation is optical density, OD, defined by . For 
example, T = 1 gives T

)log(TOD −=
dB = 0 dB (OD 0), T = 0.5 gives TdB = 3 dB (OD 0.3) and T = 0.01 

corresponds to TdB = 20 dB (OD 2). 

1.1.3 Atmospheric windows 
In ordinary air, the presence of water and carbon dioxide limits light transmittance [2]. The 

substances absorb light in various spectral regions; leaving a few “windows” in the spectrum 
with high transmittance, see Figure 1-2. 
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Figure 1-2 Transmittance in air vs. light wavelength, as compared to transmittance in vacuum. [2] 

Many military optical systems [3] are adapted to work in these windows (often 3-5 µm and 
8-12 µm), since they allow an adequate signal-to-noise ratio and, thus, long range vision. 

1.1.4 Military lasers 
Laser radiation is coherent light with a narrow distribution in wavelength. In principle, we 

say that only one wavelength is involved. Moreover, the light is often spatially concentrated 
into a beam. 

There are military laser applications designed to be used against optical detectors. If the 
laser light intensity is high enough, an unprotected optical system can be permanently 
damaged. A moderate light intensity can dazzle the detector and put it temporarily out of 
service. Most systems can return to normal operation after being dazzled. [3][4] 

Since military optical systems work in the atmospheric transmission windows, so do the 
threatening lasers, which motivates the need for protection in these wavelength regions. The 
shutter developed in this project was intended as a part of an optical system, protecting it from 
lasers in the wavelength region 3-5 µm. 

1.1.5 Thermochromic vanadium dioxide (VO2) 
The prefix thermo- and the term chromic come from Greek thermos and khroma meaning 

“warm” and “color”, respectively. Thermochromic materials change color upon heating - 
more general, their optical properties change with temperature. For our purposes, the optical 
properties of vanadium dioxide (VO2) are suitable, since they change in the IR wavelength 
region. 

At room temperature, VO2 is electrically insulating/semiconducting and highly IR 
transparent. When heated above the transition temperature (around 67°C), the material 
undergoes a structural phase transition. Along with this transition, VO2 becomes metallic - 
electrically conducting and IR reflecting/absorbing. [5-19] 

For a theoretical description of the phases, see section 2.3. 

A thin film of VO2 was here implemented as the basis of the shutter. In the open mode, the 
VO2 film was kept below the transition temperature, transmitting IR light. In the closed mode, 
the film was heated above the transition temperature, reflecting/absorbing the light. 
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The VO2 transition also involves optical changes in the visible region, although not as 
obvious as in the IR. A snapshot from one of the produced films within this project is shown 
in Figure 1-3. 

 
Figure 1-3 The VO2 transition. The upper part of the sample is heated (metallic phase), showing a 

darker shade, while the lower part rests on the cooler surroundings (semiconducting 
phase). 

The transition is reversible, but shows hysteretic behavior - a “memory” effect (Figure 1-4). 
For example, when cooling from the high temperature phase, the material must be cooled 
below the transition temperature, Tt, to retrieve the low temperature crystal structure and its 
properties. 

 
Figure 1-4 Sketch of resistivity change in the VO2 transition, showing the hysteretic behavior. The 

transition temperature is by definition in the middle of the resistance span upon heating. 

A graph of the VO2 hysteresis can also be produced by measuring the IR transmittance at a 
certain (fixed) wavelength while varying the temperature. Since electrical resistivity and IR 
transmittance are connected through metallic free electrons, the shape of the curves would be 
similar. Different deposition techniques cause different microstructure and crystallinity in the 
obtained VO2 sample. In turn, this affects the hysteresis profile. The shutter should have a 
large transmittance contrast, but the exact transition temperature is of less interest. A high 
degree of crystallinity is expected to give a narrow and steep hysteresis, which is suitable for 
our application, since a short switching time is desired. [6][7][8][9] 

On the other hand, single crystal VO2 can break after a few cycles due to structural 
distortions. Thin films of VO2 are, in general, not as crystalline as single crystals and have 
been reported to withstand more than 108 cycles. [10][11] 
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It is possible to change the hysteresis profile by doping of VO2. High-valent dopants (Nb, 
Mo, W) have been observed to destabilize the low-temperature phase and thereby decrease 
the VO2 transition temperature, whereas low-valent dopants (Cu, Cr, Al, Fe) in general give a 
higher transition temperature. Doping is often associated with an increased width in the 
hysteresis profile, a smaller IR-transmittance drop and a less steep transition. [10][12][13][14] 

If doped VO2 were to be used in a shutter, a longer time would be needed in cooling and 
heating between the modes due to the increased temperature span. In addition, a flattened 
transition leads us to the conclusion that doping is not suitable in this project. 

1.2 Problem description 

The monochromatic light in a laser beam suggests that a wavelength specific filter would be 
a perfect protection. A few decades ago, when laser technology was relatively undeveloped, 
only a limited number of laser types could be manufactured. This made it easy to predict the 
laser wavelength and to create a set of filters for protection. Nowadays there are many 
methods to produce laser light. It is also possible to tune the output wavelength, which makes 
this prediction impossible and motivates the need for new protection technology. 

For a possible implementation in an optical protection system, the shutter must supply a 
sufficiently low transmittance in the closed mode. In the open mode, the transmittance should 
be as high as possible, letting much light through to the detector for best optical performance. 

If a detector is under attack by a laser, it is inevitable to be dazzled initially. Therefore, the 
shutter should be activated quickly. It should be placed as one of the first components in the 
light path, protecting other optical components in the system from damage and allowing the 
dazzled detector to recover. A quick return to normal operation is desired, but the switching 
time from the open to the closed mode is more critical to avoid damage/dazzle and hence of 
higher priority in this project. 

Optical modulators are less developed in the IR spectral region, as compared to visible light, 
especially for wavelengths above 3 µm because of little commercial interest. Hence, the 
development in the IR is mainly driven by other interests. Compared to detectors in the 
visible, protective systems for IR detectors have higher demands in open transmission. This is 
because the possibility of compensating a low transmission with large apertures is limited due 
to the expensive lenses. 

1.3 Goals 

The final objective of this project was to produce an optical shutter designed for 
wavelengths 3-5 µm. This includes processing of a VO2 film and processing of a heating 
device to establish the phase transition of VO2. In addition, the processing should be well 
documented for the continuation of the project. 

Another objective was to characterize the shutter, for example optical performance and 
switching time. Evaluation of the measurements should give guidelines for further 
development of the component, towards an implementation in a real system. 

Depending on the exact application, a laser protection of this kind should have 50-70 % 
open transmission [5] and less than 0.1 % (30 dB, OD 3) closed transmission. The switching 
time from open to closed mode should be in the order of µs-ms. 
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1.4 Scope 

An optical protection system against lasers would also include a comprehensive control 
system for the shutter. During this project, the control system has been under development at 
the Department of Radar Sensors, FOI. The control system had to be considered in parallel to 
this work in order to produce a shutter that in a sense was controllable for future 
implementation. However, this thesis will not discuss the control system specifically. 

1.5 Approach 

1.5.1 VO2 film processing 
FOI has developed a VO2 thin film process [15] based on sol-gel synthesis and spin coating. 

A recent diploma work at FOI [13] used the process further - depositing VO2 films on p-
doped silicon (Si) substrates because of accessibility and cost. However, a drawback is the 
low transmittance in air (due to high reflectance). It is possible to increase transmittance by 
anti-reflection treatments, but instead sapphire (Al2O3) substrates were used in this project. A 
sketch of the sample structure after film deposition is shown in Figure 1-5. 

 
Figure 1-5 Principle sketch (cross-section) of the VO2 film on sapphire. The light path is vertical. 

The film purity, thickness etc. determines to large extent the characteristics of the whole 
device. In earlier studies, researchers have reported large variations in quality when 
fabricating VO2 films, regardless of method (sol-gel, sputtering, evaporation, etc.). In 
addition, different vanadium oxides can be obtained in the sol-gel process. Hence, the 
experimental conditions must be carefully controlled. [6][10][15] 

1.5.2 Heating device 
As indicated by other researchers [16][17][18], the VO2 transition can be accomplished by 

resistive heating. A voltage supply drives a current through a heater, in thermal contact with 
the VO2 film. 

A shutter application demands a quick heating and a simultaneous high IR transmittance. 
Metals are good conductors and a natural choice for resistive heating devices for practical 
purposes. Their low resistivity enables large heating powers without the need for extreme 
voltage supplies. On the other hand, one tries to avoid metals in the light path because they 
are strongly IR reflecting which decreases light transmittance. The so-called free electrons in 
metals are responsible for the electric conductivity, and their excitation energies match the 
light energies of IR wavelengths. In brief, this is why IR light is reflected off a metal surface 
instead of transmitted. 

The heating circuit was primary suggested to be a pattern of gold (Au) because its 
deposition process (sputtering) was already in use at FOI. In Figure 1-6, a simple sketch is 
shown where a pattern of Au is deposited on top of the VO2 film. The heating device heats the 
film in a similar manner as the rear window of a car is heated to melt the ice. 
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Figure 1-6 Sketch (top view) of the Au heating device deposited on the VO2 film. The light path is 

perpendicular to the paper plane. 

By using a resistive heater, there is a trade-off in shutter transmittance and switching time. If 
the heater metal stripes were denser packed to achieve a faster heating (shorter switching 
time), the open transmittance would unfortunately be low. 

Work has been initiated by FOI, Université Claude Bernard, Lyon (UCBL) and the Swedish 
University of Agricultural Sciences, Uppsala (SLU), aiming to get around the fundamental 
problem with the high metallic reflectance. A process for so-called IR transparent electrodes 
is being developed. Films thin enough of these special materials (e.g. NiCo2O4) have the 
advantage of being electrically conducting - and highly IR transmitting, as opposed to most 
metals. This is because the electrical properties are based on polarons, i.e. localized charge 
carriers and an accompanying lattice strain instead of free charge carriers. The polaron can for 
instance be an electron, localized at an atomic site, creating a local lattice distortion because 
surrounding (positive) nuclei are attracted to the (negative) electron. Consequently, the 
electron has an increased probability of moving (hopping) to one of the surround sites where a 
similar lattice distortion follows. These processes give an electric conductivity but the 
polaronic excitation energies do not match the energies of IR light, allowing a high IR 
transmittance. [20] 

Within this project, the Au heating device has been implemented and tested. Measurements 
made on the IR transparent materials for future work are presented in section 5.6. 

1.6 Alternative techniques for infrared shutters 

1.6.1 Mechanical shutters 
One should always compare a new technology in shutters to the simple mechanical shutter 

that has been used in the camera industry for a long time. A metal piece inserted into the light 
path provides more than enough damping. Shutting times are short enough - in the order of 
milliseconds [5]. The main drawback is the sensitivity to external shock and vibrations, which 
may interrupt the driving system (cogwheels, springs, etc.). In cases where a laser protection 
system is used in a rough environment, mechanical shutters have not proven to be reliable 
enough. 
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1.6.2 Liquid crystals 
A liquid crystal (LC) often consists of long, polar molecules. This gives a birefringent 

medium – the refractive index is polarization dependent. The principle of an LC cell of the 
twisted nematic (TN) type is described here. The polarizer-electrode pair at the top of Figure 
1-7 is rotated to the similar electrode-polarizer (analyzer) pair at the bottom. The electrodes 
are brushed in one direction, and the polar LC molecules tend to orient with their long axis 
parallel to that direction. The rotation of the electrodes causes the molecular alignment to 
twist along the light path, which in turn causes the polarization of incoming light to be 
rotated. 

 
Figure 1-7 Principles of the TN cell. [21] 

The open mode of the TN cell is when no electric field is applied to the electrodes (Figure 
1-7 – left). Then, the polarized and twisted light escapes through the analyzer. In the closed 
mode (Figure 1-7 – right), the electric field re-orients the polar molecules and the light is no 
longer rotated in the TN cell. Hence, no light passes through the analyzer. 

The alignment due to applied voltage is much faster than the restoration of the original 
alignment. Hence, the open mode is the one with no applied field. A TN type cell with 
switching time below 1 ms, 50 % open transmittance and 0.06 % closed transmittance has 
been reported [22]. The main drawback with LC cells is that at least one polarizer is needed, 
limiting transmission approximately by half. Besides, if the polar molecules are organic, 
which is common, their absorption in the IR might limit transmittance further. A technique 
proposed to increase open transmittance is polarization recapture, where the other 
polarization component (absorbed directly by the first polarizer in Figure 1-7) is separated by 
a birefringent medium, twisted, and then reflected back into the light path along the other 
polarization component. The electrodes also need to be IR transparent, an issue that the LC 
cell shares with the shutter in this project. 
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1.6.3 Spin transition materials 
The spin transition materials are based on electronic transitions between spin states in 

molecular orbitals (mostly with metal 3d electrons, see section 2.2). These phenomena appear 
in complexes of transition metals (e.g. iron, manganese, cobalt) preferably together with 
nitrogen, carbon or phosphorous. The transitions are induced by temperature, pressure and/or 
illumination [5]. However, these materials are more promising as an optical component in the 
visible than in the IR spectral region. As a reference in IR (at 4-5 µm), a diploma work [23] at 
FOI showed a transmittance decrease from 37 % to 2.5 % for the substance Iron-(4-amino-
1,2,4-triazole)3(BF4)2. The transition was due to temperature changes around 35°C. 

1.7 Other applications of VO2 

1.7.1 Civilian applications 
One of the promising civilian applications of VO2 is as a window coating, regulating heat 

transmission (IR radiation) for example in buildings or vehicles. A window coated with VO2 
might not need an external control system. Doping of VO2 seems promising since this can 
lower the transition temperature to more convenient levels. In addition, the transition can be 
made less sharp, making the heat transmission easier to control. There are still unresolved 
issues, concerning low transparency for visible light. One tries to find a good anti-reflecting 
coating and thereby increase the visible transmission. [24] 

The shutter in this thesis can naturally be used as a modulator (switch) for optical systems. 
A steep transition (well-defined transition temperature) is needed to reduce transition times, 
as well as a large contrast between the open and closed mode transmittance. [16] 

1.7.2 Military applications 
VO2 has been used in yet another laser protective device. In this case, the laser light itself 

was focused to heat the VO2 into its metallic phase. The intense incoming light was hereby 
limited. [25]  

Besides transmittance changes, the VO2 phase transition also involves reflectance changes. 
This means that the IR emissivity of a surface can be controlled. Decreasing the emissivity of 
a hot surface will decrease its apparent temperature and make it camouflaged to the colder 
background. [26] 
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2 Theory and modelling 

2.1 Crystal structures 

About 95 % of all solids can be described as crystalline [27]; the remaining 5 % are 
amorphous with atomic/molecular disorder (e.g. glasses). Crystalline solids have their atoms 
placed in a regular structure called lattice. The lattice can be regarded as the composition of 
identical unit cells repeated along the three axes in Figure 2-1. 

 
Figure 2-1 General unit cell of a crystalline material. 

The relations between the edges a, b, c and the angles α, β, γ determine the possible crystal 
systems in Table 1. 

Crystal system Edges Angles 

Cubic a = b = c α = β = γ = 90° 
Tetragonal a = b ≠ c α = β = γ = 90° 
Orthorhombic a ≠ b ≠ c α = β = γ = 90° 
Rhombohedral a = b = c α, β, γ ≠ 90° 
Hexagonal a = b ≠ c α = β = 90°, γ = 120° 
Monoclinic a ≠ b ≠ c α = γ = 90°, β ≠ 90° 
Triclinic a ≠ b ≠ c α ≠ β ≠ γ 

Table 1 The seven crystal systems. 

For each system, there are a number of subgroups with different notations, which will not be 
described further here. This project concerns the compounds in Table 2, where the monoclinic 
(M1) and tetragonal structures of VO2 are dealt with later on in this chapter. 
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Material System Pearson symbol Space group 

VO2(M1) monoclinic mP12 P21/c (#14) 
VO2(M2) monoclinic mC24 C2/m (#12) 
VO2(R) tetragonal tP6 P42/mnm (#136) 
V6O13 monoclinic mC38 C2/m (#12) 
V3O7 monoclinic mC120 C2/c (#15) 
V2O5 orthorhombic oP14 Pmmn (#59) 
Al2O3 rhombohedral hR10 R3¯c (#167) 

Table 2 Interesting crystal structures for our purposes. 

2.1.1 Miller indices 
A short description of Miller indices helps the interpretation of x-ray diffraction 

measurements (chapter 3.1). A set of atoms in the same plane is said to construct a lattice 
plane. The Miller indices are integers, labelling sets of parallel lattice planes. 

 
Figure 2-2 Miller indices for (a) simple, (b) face centred and (c) body centred cubic lattice planes. 

Two unit cells are depicted in each of the nine examples. [28] 

The indices (h k l) say that the lattice plane closest to the origin cuts the three unit cell edges 
at the distance a/h, b/k and c/l from the origin, respectively. We disregard the plane through 
the origin. 

For cubic systems, as in Figure 2-2, the edges of the unit cell are of equal length (a = b = c) 
and orthogonal. For example, the (1 1 0) planes for the body centred lattice (c) are all parallel 
to the plane cutting the axes at points (a,0,0) and (0,a,0). It never cuts the z-axis, since a zero 
Miller index indicates parallel planes to the corresponding unit cell axis. 

In general, the higher indices (h k l), the smaller interplanar distance dhkl. 



 23

In XRPD measurements, a preferred crystal growth can give an overrepresentation of Bragg 
peaks (see section 3.1) for a certain set of planes. In this case, the short notation (0 k 0) 
referring to the lattice planes (0 1 0), (0 2 0), (0 3 0), etc. will be used with the letters h, k and 
l for the respective Miller index. 

2.2 Transition metals 

2.2.1 Electron structure of atoms 
Electrons in atoms occupy orbitals, which are the same as probability distributions i.e. 

spatial regions where it is likely to find the electrons. Atomic orbitals can be described by 
three quantum numbers; the principal quantum number, n, the angular momentum quantum 
number, l, and the magnetic quantum number, ml. The principal quantum number, n, 
determines to large extent the energy of the orbital and its mean distance from nucleus. This is 
why the term shell sometimes is used instead of n. For a specific shell, each quantum number 
l forms a subshell. Furthermore, each atomic orbital can hold two electrons with spin up and 
down, included as the spin quantum number (ms). Table 3 gives a summary of the quantum 
numbers. 

Quantum number Possible values Alternative notation 
n 1, 2, 3, … K, L, M, … (shells) 
l 0, 1, …, (n-1) s, p, d, … (subshells) 

ml -l, …, 0, …, l   
ms -1/2, 1/2 spin down, spin up 

Table 3 Possible values of the electronic quantum numbers in atomic orbitals. 

Atomic orbitals are often described just by the quantum numbers n and l, e.g. as 1s-, 2s- or 
2p-orbitals. For example, when n = 2 and l = 1, the orbitals are called 2p. There are three of 
them (ml = -1, 0, 1) and in total, they can hold six electrons. If one wants to indicate the 
number of electrons in certain orbitals, superscripts are used (e.g. 2p3). The spatial 
distributions of some atomic orbitals are shown in section 2.3.1. 

2.2.2 The periodic table 
Vanadium (V) is one of the transition metals in the periodic table, number 23 in Figure 2-3. 

The term transition does not refer to any phase transition phenomena, instead it relates to the 
electronic structure of the atomic orbitals. 

Transition metals have their valence electrons in d orbitals (l = 2). More strictly, they can 
form ions with partly filled d orbitals [30]. This makes them transition elements between 
group 2 and 13 in the periodic table, who only have valence electrons in s and p orbitals, that 
is, with angular momentum quantum number l = 0 and 1 (lanthanides and actinides excluded). 
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Figure 2-3 The periodic table of the elements. Vanadium has atomic number 23, in the fifth column 

(i.e. group 5) from the left. [29] 

For a specific main quantum number, n, the radial probability of electrons in d orbitals is 
distributed further from the nucleus than s and p orbitals, meaning that d electrons are more 
involved in molecular binding (delocalization). In metallic substances, the more electrons 
shared between the nuclei, the stronger the metal. This shows in several properties of the 
transition metals (high melting and boiling points, high tensile strength, etc.) [30]. 

The transition elements can have different oxidation states because of the partially filled d 
orbitals’ flexibility in sharing and redistributing electrons. What also matters, is the energy 
separation between nd and (n+1)s orbitals. Vanadium has the electronic configuration 
[Ar]3d34s2 and can have different valency - V2+ (in VO), V3+ (in V2O3), V4+ (in VO2) and V5+ 
(in V2O5) because the energy levels of the 3d and 4s orbitals are close [30]. For transition 
elements, the 4s electrons are of higher energy than the 3d, and are therefore lost first in 
ionization [31]. 

2.2.3 Transition metal oxides 
Most transition metals are likely to form stable oxide compounds. The d electrons are shared 

between the metal ions and the oxygen ions (ligands), forming molecular orbitals whose 
energy levels determine many physical properties. 

The transition metal dioxides in the 3d series all have similar electronic configuration, but 
very different physical properties (TiO2 - large gap semiconductor, VO2 - 
semiconductor/metal, CrO2 - ferromagnetic metal, MnO2 - antiferromagnetic semiconductor).  

There are also similarities in the crystal structure of other (3d, 4d, 5d) transition metal 
oxides. Two distinct modes can be seen in VO2, NbO2, MoO2, WO2, TcO2 and ReO2 - one 
tetragonal phase and one monoclinic. Although they all show the same type of structural 
changes, only VO2 and NbO2 changes their electrical/optical properties. A comprehensive 
theory explaining both the structural and the physical properties is still lacking. [34] 
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2.2.4 Vanadium oxides 
Since the first discovery of the VO2 transition by F. J. Morin in 1959, the VxOy materials 

have been extensively studied – all showing the semiconductor to metal transition 
accompanied by a distinct structural transformation. The oxygen content seems to play a large 
role in the transition temperatures, see Table 4. 

Compound Tt Color Tm

VO -147°C [5] grey [32]  
V2O3 -105°C [33] black [32] 1970°C [32] 
V5O9 -138°C [7]   
VO2 +67°C  [34] dark blue [35] 1967°C [32] 

V6O13 -123°C [36]  700°C [37] 
V2O5 +375°C [38] yellow [56] 685°C [37] 

Table 4 Selected data of vanadium oxides, ordered by oxygen content. The second column shows 
approximate transition temperatures between solid phases. Because the convenient 
transition temperature and the large shift in electrical/optical properties, VO2 attracts the 
most attention. The third column shows melting temperatures. 

In this project, we are mostly interested in the phases between (in oxygen content) V2O5 and 
VO2 because of the processing technique. None of the involved V-O phases are expected to 
have a transition in the temperature region we are interested in (60-70°C), besides VO2. By 
studying the V-O phase diagram [37] (not shown here), it is clear that no compounds between 
V2O5 and VO2 have melting points below 660°C. The processing temperature of VO2 films 
was kept well below 660°C to avoid effects from melting. 

2.3 The monoclinic and tetragonal phases of VO2 

In this section, a summary of the monoclinic (M1) and tetragonal (R) phases and their 
electrical/optical properties is given. Since the mechanisms (electron-electron correlations, 
electron-phonon interactions etc.) behind the transition are not fully known, they will not be 
discussed here. First, sections 2.3.1 and 2.3.2 present some atomic and molecular orbitals, as a 
basis to describe the VO2 phases. 

2.3.1 Atomic vanadium and atomic oxygen 
A neutral vanadium atom has the electronic configuration [Ar]3d34s2 whereas the oxygen 

atom is [He]2s22p4 (or 1s22s22p4). Figure 2-4 and Figure 2-5 show the angular parts of the 
electron probability distributions. Only outer atomic orbitals are shown since inner electrons 
are not involved in binding. The arrows in the energy level diagram refer to electrons with 
spin up or down. Note also that the coordinate system is arbitrary. 
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Figure 2-4 The p orbitals (top) and an energy level diagram of the four 2p electrons in atomic oxygen 

occupying them (bottom). [39] 

For atomic oxygen, we see that two 2p orbitals have room for one more electron each. 
Because of degeneracy, we cannot say which of them being half filled. 

 
Figure 2-5 The five d orbitals (top) and the three electrons in atomic vanadium occupying them 

(bottom). Two electrons occupy the spherically symmetric V 4s orbital (not shown) which 
is of slightly higher energy. [39] 
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Subscripts for the 3d orbitals come from terms in their quantum mechanical wave functions, 
derived from the Schrödinger equation. 

The 3d orbitals are all degenerate, why we can not say which ones who are unoccupied in 
the atomic ground state. Though, the 4s orbitals are of slightly higher energy. 

In an ionic picture, a vanadium atom can donate its 3d and 4s electrons (five in total) and an 
oxygen atom can accept (two) 2p electrons. In this report, we are most concerned with the 
oxygen ion O2- ([He]2s22p6 or [Ne]), and the vanadium ions V5+ and V4+ ([Ar]3d0 and 
[Ar]3d1). 

2.3.2 Molecular bonds 
The ionic picture is in this case oversimplified. Instead of having the V 3d / 4s electrons 

completely transferred to O atoms, V-O compounds involve molecular bindings with a 
sharing of electrons. Even though the following reasoning in terms of molecular orbital theory 
does not give a complete picture, it helps us to further understanding. 

Depending on the orientation of atomic orbitals, there are different bond types. Consider 
two atoms, with electrons in their respective atomic orbitals. If the atoms are brought together 
with their orbitals overlapping “head on”, they form a σ-bond (sigma). For “sideways” 
overlap, a π-bond (pi) is formed; see Figure 2-6. Spherically symmetric s orbitals can only 
form σ-bonds, while the p and d orbitals can form both σ- and π-bonds. 

 
Figure 2-6 Atomic p orbitals demonstrating molecular bonding and antibonding orbitals of the σ-

type (top) and π-type (bottom). [40] 

For each bonding molecular orbital, there is also an antibonding orbital of higher energy, 
denoted with an asterisk (*). Electrons can occupy these orbitals too, if all states of lower 
energy are occupied. However, electrons occupying antibonding states decrease the total bond 
strength and the compound is weakened. 

With its charge distribution concentrated between the nuclei, the σ- is stronger than the π-
bond and gives a smaller internuclear distance (not shown) as if the positive nuclei were 
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attracted to the negative charge in between. Moreover, the σ- and σ*-bonds experience a 
larger energetic split than the π- and π*-bonds. 

An example of energy levels is given in Figure 2-7, showing the electronic configuration of 
an oxygen molecule (O2). We see that top antibonding σ2p*-states are unoccupied. The π2p-
states have a smaller bonding-antibonding split, where the antibonding π2p*-states are half-
filled. 

 
Figure 2-7 Energy level diagram of O2. On the sides, the electronic configuration of atomic oxygen. In 

the middle, energy levels for the bonding and antibonding states are shown. Two 
corresponding pairs of the atomic 2p orbitals are overlapping sideways (π and π*), 
whereas the third pair is overlapping head on (σ and σ*). [40] 

It should be mentioned that this model is not fully correct. For example, the O 1s electrons 
are not involved in binding to this degree. These electrons are more localized to the nucleus 
and only the outer (valence) electrons, in general, take part in molecular binding. 

What goes beyond our discussion here is the concept of hybridization. Different orbital 
types of about the same energy can reshape to lower the total energy in certain geometries. 
Moreover, there are more complicated bonding types - for example δ-bonds, describing 
overlapping of some d orbitals. 

2.3.3 VO2 general structure 
The remainder (theory and figures) of this section (2.3) is a summary based on a theoretical 

work [34], in turn confirming the molecular orbital picture proposed earlier [41]. 

In the IR-transparent low temperature phase, VO2 has a monoclinic (see section 2.1) crystal 
structure. When heated above the transition temperature (around 67°C), the lattice is changed 
from the monoclinic to a tetragonal crystal structure and the material becomes IR 
reflecting/absorbing. In both phases, six O atoms, forming a VO6 octahedron, surround every 
V atom. The total composition is VO2 since every O atom is a corner of two other 
neighboring octahedra. 
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In atomic vanadium, the 4s orbitals are occupied by two electrons. However, in the VO2 
lattice these electrons are redistributed in the V 3d and O 2p orbitals, which are the only 
orbitals involved in binding. By the electron count, it follows that the 4s orbitals are all 
unoccupied and, hence, need no further consideration. This is also indicated by calculations 
[34], showing that the V 4s energy levels are well above other unoccupied σ* bands shown in 
Figure 2-10 and Figure 2-12. 

Since the high temperature phase has a simpler crystal structure, we use it to depict the most 
important electronic orbitals. Figure 2-8 shows the five V 3d orbitals (see also 2.3.1) for V 
atoms centered in a tetragonal unit cell. 

 
Figure 2-8 Angular parts of the five V 3d orbitals, each depicted at the centered atom in the body 

centered tetragonal unit cell. Red atoms - vanadium, blue – oxygen. Note: the d3z²-r² in (a) is 
denoted dz² in some cases. [34] 

We see that the d3z²-r² and dxy orbitals point towards the oxygen sites, giving strong σ-bonds 
(low energy) and antibonding σ* (high energy) molecular orbitals with the O 2p orbitals (not 
shown). The remaining orbitals (c, d and e) point between the oxygen sites. Together with the 
O 2p orbitals, they form bonding π- and anti-bonding π*-orbitals. 

Because of the high electronegativity of oxygen (3.5) compared to vanadium (1.6), both the 
bonding σ- and π- types are mainly of O 2p character (electrons are more localized to the O 2p 
than the V 3d orbitals, almost like an ion bond). On the other hand are the antibonding σ* and 
π* states more of V 3d character. 

The reader might notice the 45° coordinate system rotation around the local z-axis, 
compared to ordinary octahedral arrangements where the d3z²-r² and dx²-y² orbitals point at the 
ligand sites. The rotation has been done to ease bookkeeping. [31][34]  
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2.3.4 VO2(R) - tetragonal phase (T > Tt) 
As seen in Figure 2-9, each V atom in the body centered tetragonal unit cell is surrounded 

by an oxygen octahedron, forming chains along the c-axis with the “central chains” rotated 
90° about the x-axis with respect to “corner chains”. By symmetry, the centered V atom forms 
a tetragonal corner atom if the whole lattice is translated a half unit cell along the body 
diagonal. Approximate lattice constants for the tetragonal unit cell is aR  (= bR) = 4.55 Å and 
cR = 2.85 Å. 

 
Figure 2-9 Unit cell of tetragonal VO2. Each vanadium atom (red) is surrounded by an octahedron of 

oxygen atoms (blue). The coordinate systems are local, relating the O atoms to the metal V 
atoms. [34] 

Due to the electron count, the bonding σ- and π-bands mentioned in section 2.3.3 do not 
have enough electronic states to hold all electrons. The exceeding electrons (one per V atom, 
in average) then occupies the antibonding π*-bands (from c, d and e in Figure 2-8). Hence, 
the π*-bands are responsible for metallic conductivity, since they reside around the Fermi 
level. 

Apart from the π type overlap to the O 2p orbitals, the dx²-y², dxz and dyz orbitals also have a σ 
type overlap to the respective corresponding V 3d orbitals in the neighboring unit cells. The 
amount of overlap divides the π*-bands into two subgroups. First, the dx²-y² states between the 
relatively close V atoms along c-axis are overlapping. This gives rise to the so-called d|| band, 
parallel to the octahedral chains. Second, through the dxz and dyz orbitals, a σ type overlap is 
present between neighboring V atoms along the a- and b-axis. These form the so-called eg

π 
bands. 
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Since the V neighbors along the c-axis are closer, their bonding influence on the 
antibonding π*-states is more pronounced. Thus, the d|| bands are in average of slightly lower 
energy than the eg

π bands, see Figure 2-10. 

 
Figure 2-10 Energy diagram for molecular orbitals in tetragonal VO2. [34] 

VO2(R) is metallic because there are a lot of states around the Fermi level. The electrons are 
excited easily, and the electrical resistivity is low as well as the transmittance in the visible 
and IR spectral regions. 

2.3.5 VO2(M1) - monoclinic phase (T < Tt)  
In the low temperature phase, the tetragonal structure is distorted. First, there is a pairing of 

V atoms along the tetragonal c-axis giving alternating shorter and longer V-V distances. 
Second, the V atoms are pushed away from the tetragonal c-axis, forming zig-zag chains 
instead of the tetragonal straight chains. The new structure can be described as monoclinic, 
with lattice parameters aM = 5.75 Å, bM = 4.54 Å, cM = 5.38 Å and βM = 122.6°. The unit cell 
(Figure 2-11) is twice as large as the tetragonal (aM ≈ 2 cR). 
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Figure 2-11 The low temperature VO2(M1) phase. Vanadium atoms are red, oxygen atoms are blue. 

The monoclinic a-axis coincides with the tetragonal c-axis.  Local coordinate systems are 
not shown, nor the oxygen octahedra around corner V atoms. [34] 

In the tetragonal phase, the V-V distances along the characteristic chains were cR = 2.85 Å, 
but because of the distortions there are now two different V-V distances: 2.62 Å (red “bonds” 
in Figure 2-11) and 3.16 Å. This affects the molecular orbitals such that the d|| bands are split 
into two separate bands. The oxygen atoms are also distorted, although the vanadium-
surrounding octahedra remain. This gives an increased overlap between the V 3d states and 
the O 2p states, which is related to an increased split between bonding and antibonding levels. 
This is accomplished by a raise of the eg

π states (from the antibonding dxz and dyz orbitals). 
The d|| band splitting and the energy raise of the eg

π bands lead to a band gap opening at the 
Fermi level, shown in Figure 2-12. 
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Figure 2-12 Energy levels of monoclinic VO2. The band gap explains the insulating properties below 

the transition temperature. [34] 

The band gap is about 0.6 eV [42]. Roughly speaking, this means that light with 
wavelengths longer than 2.1 µm is allowed to pass. This also gives the insulating phase, 
which is shown by the large resistivity (low conductivity). 

2.4 Optical model: VO2 film on Al2O3 substrate 

To verify the optical properties of the VO2 film in this project, a model was built to predict 
transmittance and reflectance measurements in both phases. Although spectroscopic 
measurements were done in a wide wavelength region (1.67 - 25 µm), this approach is limited 
to the wavelength 4 µm. 

2.4.1 Refractive indices 
Previous work [42], has fitted the dielectric function (ε = ε1 + iε2) of a VO2 thin film to 

optical measurements. By extracting ε1 and ε2 (at 4 µm ~ 0.31 eV) and by using the 
fundamental relation ε = N2 for the refractive index N = n + ik, the expected refractive index 
of VO2 was calculated and presented in Table 5. 

Phase ε1 ε2 n k 

T < Tt 10 0.5 3.16 0.079 
T > Tt -12 30 (estimated) 3.19 4.71 

Table 5 Reference optical data of VO2 at 4 µm [42] 

The Al2O3 substrate is slightly birefringent, with ordinary- and extraordinary refractive 
index no = 1.674 and ne = 1.666 at λ = 4 µm [43]. Absorption is negligible. Knowing that the 
substrate is cut from a single crystal with optic axis (ne) 30° off the substrate surface, the 
effective refractive index along the light path (substrate normal) should be 1.672. 
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2.4.2 The model 
The model with three interfaces is shown in Figure 2-13. The notations NF, NS and N0 

denote (complex) refractive indices for the film, substrate and air, respectively. 

 
Figure 2-13 Principle sketch of optical model for VO2 film and substrate. 

Assumptions made: 

- Normal incidence for both transmittance and reflectance 
- Refractive index of air at 4 µm is 1.00 
- The VO2 film is homogenous and of uniform thickness d 
- The VO2 film in this work has the same refractive index as in the reference 
- Reflected light from the back side Al2O3-air interface, re-entering the VO2 film, is 

disregarded 

For the reflectance measurement, the first approximation seems very rough - the actual 
angle of incidence is 34°. For unpolarized light at normal incidence, the reflectance is 27 %, 
whereas a 34° incidence angle implies 37 % reflectance. Furthermore, interference is affected 
since the distances of light paths change. Keeping this in mind, the assumption is still made to 
simplify calculations. 

Since the final processing of the VO2 films involves two deposition rounds, it is likely that 
an interface is formed halfway through the film. However, since the refractive indices on 
either side of this interface should be the same - this error is hopefully small. 

The last assumption can also produce errors, although the phase information is often 
considered lost for waves traveling a long distance in a material. A more correct assumption 
would have been to consider the backside reflected light as a separate beam, calculating its 
contribution by adding intensities. For an estimation of the error, consider the VO2 film in the 
low temperature phase and assume no absorption (k = 0). First order calculations yield that 
(only) 4 % of the incident light intensity travels back through the substrate after being 
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reflected at the backside. This portion of light is then distributed onto the total reflected and 
transmitted light. However, to simplify calculations it is disregarded. 

2.4.3 Calculations 
The calculations are presented with the film thickness d as variable: 
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interface. 

The calculated expressions T and R are plotted versus film thickness in Figure 2-14 and 
Figure 2-15. 

 
Figure 2-14 Low temperature calculated transmittance and reflectance at 4 µm vs. VO2 film thickness. 

A periodicity in thickness is due to interference. Decreasing amplitude (envelope) with 
thickness indicate absorption. 

For a single substrate (no film), there should ideally be 6.3 % reflectance in each Al2O3-air 
interface. Assuming that the coherence is lost through the substrate, we get a total substrate 
reflectance of 11.9 % - and a total transmittance of 88.1 %. 
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For transmittance, the calculations agree to approximately 88 % for d = 0. The plotted 
reflectance for d = 0 is only half of what it should be, but since the backside reflection is not 
included - this is also in order. 

 
Figure 2-15 High temperature calculated transmittance and reflectance at 4 µm vs. VO2 film 

thickness. The large absorption removes interference effects almost completely. 

From this point of view, a film thickness around 0.6 µm seems optimal, giving a high open 
transmittance (71 %) and a low closed transmittance (0.01 %). 

The appearance in the other parts of the 3-5 µm region goes beyond the discussion here. 

2.5 Sol-gel processes 

This section is written as a theoretical support for section 4.2 - The sol-gel process. Because 
this project focuses on the processing using a somewhat predefined scheme, rather than 
developing the sol-gel process itself, only brief and partial explanations are given and should 
therefore not be taken as a complete description. 

In general, a sol-gel process can be described by the scheme in Figure 2-16. 
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Figure 2-16 A sol-gel production scheme. In this project, the fire heat treatment route is followed, 

producing crystalline vanadium oxide (ceramic). [45] 

A sol is a colloid; referring to a solvent with dispersed particles, as the gel is another 
colloidal phase; a solid with small liquid regions. In this case, the foundation of the sol-gel 
process is hydroxylation and condensation of a vanadium alkoxide. The sol-gel transition 
takes place during spin coating, with atmospheric water as reagent - initiating hydroxylation 
and condensation. 

2.5.1 The precursor 
A concentrated vanadium alkoxide is diluted in isopropanol, forming the precursor. The 

alkoxide is vanadium(V)oxytriisopropoxide, VO(OPri)3, where the (V) indicates the 5+ 
oxidation state of the important (central) vanadium ions. The solvent is isopropanol (PriOH), 
where Pr with superscript i means isopropane, i.e. bonding to the middle carbon atom of 
propane. The precursor contents are sketched in Figure 2-17. 

 
Figure 2-17 To the left, the vanadium alkoxide. Here, the symbol R (radical) refers to an isopropane 

group, shown in the middle. To the right, the solvent - isopropanol. 

In the following, the Pri notation is dropped in favour to the radical term, R. Then, ROH is 
isopropanol, since it is a radical (propane group) bonded to a hydroxide group (OH). 
Likewise, the alkoxide is written VO(OR)3. 
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2.5.2 Hydroxylation 
Upon spin-coating, the precursor mixes with atmospheric water and forms 

vanadium(V)oxyhydroxodiisopropoxide monomers (Figure 2-18). This is the sol - the 
monomers as particles dispersed in the remaining solvent. 

 
Figure 2-18 The vanadium precursor (left) in contact with water is hydroxylated, producing vanadium 

monomers (right) and more of the solvent. [46][47] 

The hydroxylation above is a substitution of the alkoxy ligands. The hydrolysis ratio, i.e. the 
amount of water compared to VO(OR)2, determines the number of removed alkoxy groups. If 
much water is introduced, all three may be substituted for OH groups [14]. 

2.5.3 Condensation 
An immediate, spontaneous consequence of hydroxylation is the formation of vanadium 

oxide networks due to condensation (Figure 2-19). The vanadium monomers formed in Figure 
2-18 react in either one of two different condensation processes. 

 
Figure 2-19 Dimerization by condensation - the beginning of the sol-gel polymerization. [46][47] 

By subsequently exchanging remaining (outer) radical groups on the right with other 
monomers (or dimers), a polymerization is achieved. Other bindings are also involved in the 
polymerization, but not illustrated due to their complexity.  
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This polymerization is the sol-gel transition, a self-polymerization of the initial monomers 
by subsequent removals of (outer) radical groups in exchange for additional monomers or 
polymeric chains. Alike the resulting monomers in hydroxylation, the resulting polymeric 
chain in Figure 2-19 can have OH groups instead of OR. 

When the hydroxylation and condensation processes have balanced, the precursor has 
turned into a gel - having the polymerized alkoxide groups as the solid phase and the 
remaining water and ROH solvent in small liquid regions. 

2.5.4 Colors 
The initial concentrated alkoxide, the solvent isopropanol and the precursor are all colorless, 

transparent liquids. However, if water is introduced, different colors appear. The exchange of 
OH- to OR-groups changes the environment of the V 3d electrons and introduces a shift in the 
precursor absorption lines into the visible region. To put it simple, we say that the amount of 
water determines the width of the absorption and hereby the precursor color. It should also be 
noted that the actual situation affects the apparent color. For example, a dense material seems 
less transparent. A darker shade is also the effect if the light must travel a long distance on its 
way through, i.e. in a thick sample. 

All processes above deal with vanadium ions in the 5+ state, but there are also reducing 
processes with the remaining solvent. The initial yellow color of the films changed to green 
upon drying, probably due to partial reduction from V5+ to V4+ oxidation state. [11][14] 

The heat treatment (latter part of the sol-gel process) also gives rise to color changes due to 
reduction of V5+ to V4+ and an increased sample density during crystallization. See section 
2.2.4 for colors of V-O compounds. 



 40 



 41

 

3 Characterization methods 

3.1 X-ray powder diffraction - XRPD 

With this technique, it is possible to determine the contents of crystalline compounds. An 
XRPD measurement yields distances between the lattice planes dhkl in the sample (see section 
2.1.1). By comparing the measurements to tabulated measurements/calculations, the sample 
contents can be identified. 

3.1.1 Generation of X-rays 
X-rays are electromagnetic radiation (see left part of Figure 1-1). The radiation is produced 

in an X-ray tube, where electrons are accelerated by a high voltage ~20-50 kV onto an anode 
metal. When the electrons hit the anode, several processes are involved in reducing their 
kinetic energy. Some incident electrons are decelerated by scattering in the anode metal. As 
they are decelerated, energy is radiated as bremsstrahlung or white radiation. This gives a 
continuous contribution to the produced radiation. Because of the high energy of the incident 
electrons, the most tightly bound anode electrons can be excited or even knocked out from the 
atom. Consequently, an unoccupied electronic state is created and when another anode 
electron fills the vacancy (relaxation), X-ray radiation is emitted to conserve the energy 
balance. Figure 3-1 gives a typical example where two high-intensity lines from electronic 
transitions are superimposed on the white radiation. 

 
Figure 3-1 X-ray emission spectra for molybdenum (Mo) and copper (Cu) - typical anode metals. [48] 

Strong lines in the emission spectrum of an element are related to its electronic energy 
levels, and each element has a characteristic emission spectra. The atomic energy levels are 
well defined; giving high intensity light for certain specific wavelengths. The most energetic 
(shortest wavelength) originates from electronic relaxations to the K-shell (n = 1). See section 
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2.2.1 for notations of quantum numbers. Figure 3-2 shows that Kα and Kβ radiation is emitted 
when electrons relax from the L- and M-shell, respectively. 

 
Figure 3-2 Electronic transitions between atomic energy levels, and their respective X-ray lines. [48] 

In X-ray diffraction, the radiation is required to be of high intensity and monochromatic. 
Therefore, one utilizes the strong emission lines and a filter (a thin metal foil) is used to 
remove unwanted wavelengths. Usually, the Kβ line is filtered out because the Kα is typically 
5-10 times more intense. The diffractometer in this project had a copper (Cu) target - where 
the Kβ line was removed using a nickel (Ni) film. 

There is actually a fine structure splitting between the energy levels, causing more possible 
transitions than those shown in Figure 3-2. This showed in the outgoing radiation, consisting 
of both Kα1 and Kα2 lines - causing two separate wavelengths λ1 and λ2. It was often possible 
to resolve both lines for high incidence angles in a measurement. For the Cu target, the total 
transmitted Kα line consists of Kα1 at λ1 = 1.54056 Å and Kα2 at λ2 = 1.5444 Å. Because Kα1 
is twice as intense, the (total) Kα line is considered to have the following weighted average 
wavelength [48]: 
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3.1.2 The Bragg equation 
In 1913, W.H. and W.L. Bragg found that crystalline substances gave characteristic patterns 

of scattered monochromatic X-ray radiation. Regions of high electron concentration (i.e. 
atomic positions) reflect X-rays strongly. To obtain high intensity in the detector, the incident 
angle must equal the angle of reflection and reflected rays from successive lattice planes must 
interfere constructively (all waves must add in phase). 
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Figure 3-3 A model of two lattice planes and incident monochromatic X-rays. The dashed lines 

indicate plane wave fronts. The rays reflected at the lower lattice plane interfere with the 
upper rays after traveling an additional distance (thicker line), compared to the upper 
rays. Via trigonometric exercise, it can be shown that the extra distance equals 2dsin(θ). 

The latter condition is fulfilled if the path difference in Figure 3-3 equals an integral number 
of wavelengths. This leads to the Bragg condition; )sin(2 θλ dn = , where n is an integer. 
However, in XRPD measurements the incoming wavelength is fit to match the lattice 
separations so that n is usually 1. If the Bragg condition is fulfilled for two lattice planes, it is 
automatically so for all other parallel planes with the same separation within the whole crystal 
grain and for all other similarly oriented grains in the sample. This is the basis for the strong 
intensity peaks in the measurements. 

3.1.3 Measurement conditions 
The crystal structure of the films was studied with a Philips PW 3020 powder diffractometer 

(Figure 3-4) using a copper (Cu) target. 

 
Figure 3-4 Equipment for XRPD measurements - X-rays from the left are reflected off the sample in 

the middle, hitting the detector on the right. 
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Scanning the incidence angles, θ, yields a characteristic pattern from the compounds in the 
specimen, which hereby can be identified. The result pattern is presented with the reflected 
intensity versus detector angle, 2θ. The measurement principle used in this project is shown in 
Figure 3-5. 

 
Figure 3-5 XRPD scanning principle, with the source fixed. The detector moves along the 

diffractometer circle. [49] 

All XRPD measurements within this project were done in ambient air, at room temperature. 
Resulting Bragg peak diagrams were compared to files in the JCPDS (nowadays ICCD) 
database. See references [55-61] for details.  

Instrument- and software settings used: 

- Electrode current: 50 mA 
- Electrode voltage: 40 kV 
- Filter: Ni 
- X-ray wavelength: 1.54183 Å 
- Incident beam mask: 10 mm 
- Divergence slit: 1° 
- Receiving slit: 0.2 mm 
- Antiscatter slit: 1° 
- Diffractometer circle radius: 175 mm 
- Software: Philips X’pert version 1.2d 
- Scan axis: Gonio (Sample moves as θ, detector as 2θ) 
- Measurement range: 2θ = 5-80° 
- Step size: 0.02° 
- Scan speed: 0.04°/sec (time per step: 0.5 s, total duration: 30 min) 

The sample was attached to a glass sheet (see center of Figure 3-4) with a double-sided 
adhesive disc. The glass was amorphous and gave no Bragg peaks and neither did the 
adhesive disc. 

The glass sheet was fastened to a metal holder, and adjusted so that the film was 
approximately centered in the diffractometer circle (Figure 3-5). However, in all 
measurements in this project, it was found that the film had been displaced upwards by 0.3 

mm. This introduced a systematic error, 
R

s )cos(59.1142 θθ ⋅−=∆ , according to [50], where 

∆2θ [degree] is the error in detected angle, R [mm] is the diffractometer circle radius and s 



 45

[mm] is the sample displacement (along the radius). For the displacement s = -0.3 mm, the 
formula predicts a 0.15-0.20° positive 2θ shift in the actual measurement range. 

At the end of the project, the sample position was corrected, eliminating the displacement. 
T e 

om a tilted sample were investigated experimentally by purposely tilting the sample 
o

 possibility of having stresses built into the specimen (in this case, likely caused 
b

, film thicknesses can sometimes be measured non-
d

 

) was 

3.2 Infrared spectrometry – FTIR 

By FTIR (Fourier transform infrared) spectroscopic measurements, transmittance and 
re

fferent 

s are normally of two different types; grating- or FTIR spectrometers. Both 
h

is the 

spectrometer. Compared to grating 
sp  is used 

his resulted in a 2θ shift back towards lower angles by 0.25°, corresponding quite well to th
above calculation. However, because of the late discovery of this error, all detected Bragg 
peaks shown within this thesis should be shifted about 0.2° towards lower angles to be more 
accurate. 

Errors fr
n its adhesive disc. It resulted in a 0.1° shift in detected 2θ angle. However, it was not likely 

that the sample was tilted to this degree accidentally, why this error probably is much smaller 
than 0.1°. 

There is a
y the heat treatment). A compressible stress lowers the interplanar distances and causes the 

2θ position of detected peaks to increase. 

Besides the lattice’s interplanar distances
estructively if the XRPD instrument is accurate enough. A uniform film surface and the 

film-substrate interface can be visualized as two largely separated lattice planes. For low 
incidence angles (2θ = 1-5°), Kiessig fringes can appear and by analyzing their widths the
film thickness can be calculated. The instrument was set to the slowest scanning mode 
available, a 2θ step size of 0.005°. A narrower receiving slit (0.1 mm - lower beam path
selected for increased accuracy. Unfortunately, no fringes were seen - probably due to the 
relatively large film thickness. Such large thicknesses (> 0.1 µm) demand even higher 
instrument accuracy - in this case a 2θ step size smaller than 0.0005°. 

flectance properties of the sample were obtained in the spectral range 1.66 - 25 µm. 
Changing the external equipment made it possible to measure different properties at di
temperatures. 

Spectrometer
ave a wide wavelength light source but the beam path is different. Grating spectrometers 

scans the refraction angle off a grating, making use of the refracted angle’s wavelength 
dependence. Scanning all angles is therefore equivalent to scanning wavelengths. This 
method is more straightforward and the instruments are cheaper. However, a drawback 
low light intensity (light refracted at other angles than the actual measured is not useful). 
Thus, one obtains a low signal to noise ratio. Increasing (angular) resolution in grating 
spectrometers leads to less light - and more noise. 

The instrument used in this project was an FTIR 
ectrometers, the main advantage is that the signal strength is higher because all light

during the measurement. A derivation of the measurement basics is given in the following 
section. 
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3.2.1 Fourier transform spectroscopy 
The FTIR spectrometers are based on a Michelson interferometer, where the beam path is 

shown in Figure 3-6. The beamsplitter is ideally a 50% transmitting, 50% reflecting mirror. 
The intensity that reaches the detector (for a specific wavelength) depends on interference 
between the two vertical beams exiting the interferometer. If the path difference between 
them is an integral number of wavelengths, they interfere constructively etc. The path 
difference, δ = l1-l2, is the same for all incoming parallel beams. 

 
Figure 3-6 Schematic representation of a Michelson interferometer. The translating mirror varies the 

path difference, δ = l1-l2, during a measurement. [51] 

For a certain δ and a specific wavelength, λ, the interferometer output light intensity can be 

written ( ) ( ) ⎟⎟
⎠
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2cos15.0 sII , where Is(λ) is the source intensity. The ‘1’ can be 

dropped in the following calculations, because it is independent of δ. So-called DC 
components do not matter, as they are subtracted by algorithms anyway. 

The factor 0.5 and instrument parameters besides Is(λ), i.e. beamsplitter efficiency, detector 
sensitivity, filters etc., can all be baked into a single function. With the wavenumber k = 1 / λ, 
we denote this function B(k) [52]. For this derivation, let this function include also the sample 
transmittance and any other losses (due to air, equipment, etc.). The detector signal for a 

certain δ is the gathered light of all wavenumbers: . This is the 

measured quantity, it describes the interferogram - light intensity (I) vs. path difference (δ). It 
is also the Fourier cosine transform of the yet unknown function B(k), and the inverse relation 

yields: , because I(δ) is an even function. 

If the DC component had been included, B(k) would have had an additional term at k = 0 
(Dirac function). 
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We want to know the transmittance or reflectance of the sample. Because both are quotients 
(see section 1.1.1), a reference level defining 100 % transmittance or 100 % reflectance must 
be measured. In other words, the incident light intensity, I0, is measured. This is done in a 
background measurement, which must precede every measurement series. In a background 
measurement, Ibg(δ) is measured and B(k) = Bbg(k) is calculated and stored. 
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The requested property of the sample is denoted X(k). In this case, it is either transmittance, 
T(k) or reflectance, R(k). In the measurement, I(δ) is measured and B(k) = Bbg(k)X(k) is 
calculated. Dividing this by Bbg(k) from the background yields the final result, X(k). 

The above derivation is based on continuous measurements of I(δ) and the assumption that 
the mirror can travel an infinite distance! This is not the case in practice. In commercial 
instruments, the mirror scan length is some tens of centimetres. Also, a computer measures 
the interferogram I(δ) at finite sampling intervals - not continuously. The smaller the sampling 
interval, the greater is the measurable spectral range. Of course, the measurement cannot yield 
results outside the spectrum of the light source. In addition, the finite scan length limits the 
resolution (i.e. how close changes can be seen on k-axis) in the resulting spectrum [52]. 

However, there are ways to get around these problems. For example, apodization functions 
are used as an additional factor in the integrand when calculating B(k) to restrain the effects of 
the finite mirror scan length. Different apodization functions have different properties 
regarding resolution. 

3.2.2 Measurement conditions 
The optical characteristics were measured in a Bruker IFS 55 FTIR spectrometer, with the 

following settings: 

- Light source: Globar (MIR) 
- Beam splitter: Potassium bromide (KBr) 
- Wavelength range: 1.67 - 25 µm (6000 – 400 cm-1) 
- Software: OPUS 5.0 
- Scanner velocity: 6 (10.0 kHz) 
- Resolution: 32 cm-1 
- Apodization function: Blackman-Harris 3-term 

The sample compartment is shown in Figure 3-8. The light entered the compartment from 
the right and hit the detector on the left. In normal circumstances, the lid to the measurement 
compartment was closed and dry air was flushed through. About 10-15 minutes of dry air 
purging was needed to reduce the amount of CO2 and H2O (see section 1.1.3). If the 
compartment air was not purged, some parts of the resulting spectrum were distorted due to 
absorption from atmospheric gases. For example, purging was impossible when measuring 
reflectance because the sample could not be heated with the lid closed. 

It should be mentioned that the sample surface roughness could diffract some of the 
transmitted light outside detectable angles. However, this light was assumed to be of 
negligible intensity. 

3.2.3 Spot size 
The light was focused onto the sample by a parabolic mirror behind the right side glass in 

Figure 3-8. The illuminated area in the compartment was elliptically shaped - larger (a few 
centimetres) on the sides but smaller, i.e. more focused, in the middle of the compartment. 
The smallest spot size (in focus) was measured to be 6x2 mm. 

The samples that had an Au heating device showed some variations upon rotating the 
sample in the temperature chamber. This might be due to the orientation of the parallel Au-
circuits with respect to the elliptically shaped spot. However, the variations were only in the 
order of a few percent of the measured intensity. 
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3.2.4 Equipment - temperature chamber 
The most important property, transmittance, was measured with a temperature chamber 

(Figure 3-7), controllable in the range 25-90°C (at least). When changing the temperature, a 
few minutes had to pass for the heat to spread through the whole chamber and stabilize. The 
aperture size in the chamber was approximately 10 mm.  

 
Figure 3-7 Temperature chamber with sample holder partly inserted. The white wire is for electrical 

heating and the blue hoses supply cooling water. 

Most measurements were made without having the sample in focus. The detected light is 
then averaged over a larger area, decreasing the influence of local film variations. 

The background measurement was done with an empty chamber. 

3.2.5 Equipment - mirror system 
Reflectance measurements were made by putting the sample on top of the stand (Figure 

3-8). Measurements were made clearly below and above the VO2 transition temperature. The 
heating was done with a heating gun. The temperature could not be measured, but since it 
often was possible to see (naked eye) when the transition occurred and by noticing the 
reflectance changes (a single measurement took about 20 sec) it was possible to keep track of 
the temperature roughly. 
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Figure 3-8 FTIR measurement compartment. The light comes from the right, passing through the 

measurement setup (here, the mirror system), then hitting the detector to the left, outside 
of the compartment. 

The metal plate was placed so that no light was reflected from it, i.e. all light went through 
the hole. The angle of incidence was around 34° off the sample normal. 

As a reference for the background measurement, a plastic piece with an Au-layer facing 
down was placed in position. Ideally, the reference should have 100 % reflectance for all 
wavelengths. In this case, the reference was characterized in another equipment (integrating 
sphere) - yielding that its reflectance was about 92 % for wavelengths 3-5 µm. For this reason, 
the reflectances from all measured samples were (manually) multiplied by 0.92 to correct for 
the non-ideal reference mirror. This factor is approximately correct in the 3-5 µm region, but 
not necessarily correct for other wavelengths. 

3.3 Other techniques 

Apart from just looking at the samples, surface properties were examined by optical 
microscopy, scanning electron microscopy (SEM), a digital camera and a surface profiler. 
Electrical characteristics were examined with a resistivity probe and a multimeter. 

3.3.1 Microscope 
An optical microscope with a video camera was used to examine the surfaces. Structure 

widths down to 1 µm could be resolved according to the initially calibrated scaling, used in all 
microscope pictures. 

It was possible to estimate depths by raising/lowering the sample with respect to the focal 
plane - height differences larger than 1 µm was resolved. However, the depth estimations did 
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not seem to be accurate. Measurements with the microscope gave a height difference of 0.6 
mm when altering focus from the top to the bottom surface of a 1 mm thick substrate. On the 
other hand, this method was not of major importance and was only used to give a rough 
estimation of thicknesses of the deposited Au circuits. Film thicknesses of VO2 were too 
small to be resolved. 

- Microscope model: Carl Zeiss Axio ImagerM1.m 
- Magnification: 50x and 500x (100x and 200x also available) 
- Software: Axio Vision, rel. 4.4 
- Light path: Reflected light (transmitted light also available) 

The colors in the microscope pictures should not be taken too seriously, since the imaging 
settings might not have been optimal. The same settings were in all pictures, but sometimes it 
produced non-realistic colors. 

3.3.2 SEM 
VO2 film surfaces were studied at Linköping University (LiU), on a Leo 1550 Gemini SEM. 

The scanning electron microscope (SEM) is capable of producing high-resolution images of 
a sample surface. An electron beam is focused (a few nanometers spot size) onto the sample, 
where the incident electrons are scattered against atoms in the sample. These scattering 
processes result in some emission from the surface. Emitted electrons with a low energy 
(<50eV typically) are most likely emitted from regions very close (within a few nanometers) 
to the surface and by detecting these secondary electrons the surface structure can be 
monitored. The rate of reflected electrons determines the brightness of the final image. In 
turn, the rate depend on the surface slope - surface areas normal to the incident beam give less 
reflected electrons and a darker image, whereas higher angles of incidence give more 
secondary electrons and a brighter image. In this manner, as the incident electron beam is 
scanned across the sample surface, the detected secondary electrons give a characteristic 
three-dimensional appearance on the final image. [53] 

Measurement settings: 

- Detector used: SE2 
- EHT = 5.00 kV (Electron High Tension - acceleration voltage for primary beam) 
- WD = 6-10 mm (working distance - from focal plane to nearest lens) 

3.3.3 Surface profiler 
A Dektak3ST surface profiler measures film thicknesses and the evenness of surfaces. A 

stylus needle was gently lowered onto the sample and its vertical position was monitored, as 
the needle traversed the film (Figure 3-9). Although the needle was in physical contact with 
the surface, it left no visible traces or marks. Hence, the surface profile could be measured 
non-destructively. The surface roughness was measured as the average deviation from a mean 
level, on an approximate stylus path length of 1 mm. 

Film thickness measurements made using this equipment are destructive - the film must be 
scratched to establish a height difference between the substrate and the film surface. 
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Figure 3-9 The surface profiler stylus, traversing the sample surface. 

3.3.4 Sheet resistivity probe 
The sheet resistivity in produced films could be measured with a Jandel RM3 four-point 

probe. Four probes are aligned and are lowered onto the sample. The two outer probes supply 
a voltage difference that drives a current through the film. The two inner probes pick up a 
voltage difference and the sheet resistivity is calculated via a physical model of the current 
distribution. 

If an electric current is restricted to a 2D surface, the resistance of a homogeneous 
rectangular conductor is “sheet resistivity multiplied by conductor length divided by 
conductor width”. Because length and width both have the same unit (m), the SI-unit of sheet 
resistivity and (real) resistance are the same - Ohms (Ω). To avoid confusion, sheet resistivity 
is given in “Ohms per square” (Ω/). 

In the measurements, sheet resistivities given by the instrument depended strongly on the 
applied current through the sample. The sheet resistivity could almost vary by a factor 100 for 
different currents. The magnitude of the currents was around 1 µA, why a local resistive 
heating was not believed to cause resistivity variations. A possible explanation is that the 
rather thick films did not match the physical model built into the measurement. 

3.3.5 Multimeter 
The electrical resistance of the VO2 film was measured with a FLUKE 87 multimeter, in 

room temperature and at 80-90°C by putting the sample on a temperature controlled plate. 
The multimeter electrodes were applied to the film manually, separated 10-15 mm, with very 
light pressure. In the optical microscope, small scratch marks in the film showed anyway, due 
to the electrodes. 

By a few comparative measurements between the multimeter (10-15 mm separated 
electrodes) and the four-point probe, it was concluded that the resistance (Ω) and the sheet 
resistivity (Ω/) were in the same order of magnitude (for suitable probe current settings). 
Due to principal differences between the two, they should not coincide - but by the simple 
multimeter measurement, the sheet resistivity could be estimated. 
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3.4 Switching time measurement setup 

This section is about measurements on a VO2 film including the heating device. The 
switching time (from open to closed mode) was measured by studying a detector signal in an 
oscilloscope. The measurement setup is shown in Figure 3-10. No laser was available; instead 
a blackbody radiator was used as a light source. The detector demanded pulsed light for 
detection, why a chopper was placed in the light path. Light pulses were delivered at 340 Hz. 

Equipment specifications: 

- Blackbody radiator at 1000°C (Graseby infrared, IR-201) 
- Infrared sensor (Ge, 3x3 mm wide, 0.8-1.8 µm) 
- Digital oscilloscope (Tektronix TDS 7104) 

Unfortunately, the detector was most sensitive for wavelengths 0.8-1.8 µm. Hence, the 
amplitude of the detector signal cannot be related to the shutter transmittance properties 
between 3-5 µm. However, the shutter had sufficient contrast even for shorter wavelengths 
than 3-5 µm so that the switching times could still be measured. 

 
Figure 3-10 Switching time measurement setup. Resistance RL (some 100 Ω) was used for the 

maintenance mode, limiting the heating current. 

A variable voltage supply provided the heating power. A basic circuit was built to control 
the shutter voltage. For current measurements, a resistance R0 (4.6 Ω) was used. The shutter 
itself could have been used for this purpose, but its resistance could vary upon switching and 
thus produce errors. 

The switch had two modes, supplying either a low maintenance current (“0”) to keep the 
shutter right below the transition temperature of VO2 – or providing the high power heating 
current (“1”) to induce the transition. To prevent overheating, the switch was in the “1” mode 
only for a short moment. The switching time was measured on the oscilloscope screen, from 
the time the electric switch was put in “1” mode (oscilloscope triggered by input V1) to that 
the sensor produced a low output signal (monitored by input V2). Starting the switching time 
by triggering on the heating current eliminates delays from the voltage supply. The presented 
switching times in section 5.4.2 are therefore a property of the shutter only.
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4 Processing 

4.1 Substrate cleaning 

Crystalline alumina (Al2O3) was used as substrate because of its high optical transmittance, 
chemical resistance and mechanical strength. The substrates were bought from Edmund 
Optics, with the following specifications: 

- α-Al2O3, single crystal 
- Thickness: 1 mm ± 0.05 mm 
- Diameter: Ø 22 mm ± 0.05 mm 
- Refractive indices at λ = 4 µm: no = 1.674, ne = 1.666 [43] 
- Birefringence (no - ne): 0.008 
- Random orientation: Azimuthal orientation unknown, but the 

optic axis (~ ne) forms a 30° angle to the substrate surface. 
 
 

Figure 4-1 The sapphire substrate. 

A slightly modified RCA procedure was followed to clean the sapphire substrates before 
spin coating. Two solutions were prepared in the following volume ratios: 

Solution 1: 5 H2O : 1 H2O2 : 1 NH4OH 
Solution 2: 6 H2O : 1 H2O2 : 1 HCl 

Detailed specifications of the contents: 

- H2O Water, taken from a deionizer with a 0.2 µm particle filter 
- H2O2 Hydrogen peroxide, 30 wt% solution in water, CAS no. 7722-84-1 
- HCl Hydrochloric acid, 37 % solution in water, CAS no. 7647-01-0 
- NH4OH Ammonium hydroxide, 25-35 % solution in water, CAS no. 1336-21-6 

The substrate cleaning procedure is listed below. In all steps, new deionized filtered water 
was used.  

1. Immerse substrates in solution 1 and heat to 70-80°C. Clean for ten minutes, while 
keeping the substrates apart. 

2. Rinse the substrates in water and clean in ultrasonic bath for five minutes. 
3. Immerse substrates in solution 2 and heat to 70-80°C. Clean for ten minutes, while 

keeping the substrates apart. 
4. Rinse the substrates in water and clean in ultrasonic bath for five minutes. 
5. Rinse again, and clean one last time in ultrasonic bath for five minutes. 
6. Until use, store the substrates in water. 

Solution 1 dissolves organic material but also previously processed films. This made it 
possible to recycle the sapphire substrates. When cleaning used substrates, the substrates were 
rubbed with a paper cloth during step 1. Solution 2 dissolves metals. The above cleaning 
procedure is not specific for the sol-gel process; it may work for other purposes as well. 
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4.2 The sol-gel process 

The processing of VO2 films includes a sol-gel process via spin coating and a heat treatment 
step to evaporate solvents, crystallize the film and to obtain the desired material. Only the 
most successful methods tried in the project are presented in this section. The aim is to 
describe the processing so that it is reproducible for others. To increase the readability and 
keep the description here somewhat short, certain theoretical parts of the sol-gel process is 
described in section 2.5. 

The precursor was very sensitive to water, why humidity should not be introduced before 
the spin coating step. This implied extra attention to keeping all equipment (flasks, needles, 
syringes, etc.) clean and dry in all preparation and processing steps. Longer needles (>10 cm) 
were stored in an oven (110-120°C) to keep them dry. Before usage, longer needles and 
syringes were blown through with Ar gas to decrease the amount of atmospheric air. Shorter 
(2 cm), disposable sterile needles were used to eject the syringe content onto the sample 
during spin coating and did not have to be blown through. 

4.2.1 Precursor preparation 
A vanadium-containing solution called the precursor was mixed. The following recipe has 

earlier been found to give good quality spin coated films. [15] 

Alkoxide: 3.5 ml Vanadium(V)oxytriisopropoxide VO(OPri)3 CAS no. 5588-84-1 

Solvent:  26.5 ml  Isopropanol (99.5 % anhydrous) PriOH CAS no. 67-63-0 

Both the initial alkoxide and the precursor are sensitive to humidity and quickly form a 
viscous red sol in contact with water. When using syringes, the sol-gel transition clogs the 
needles get clogged if not washed within a few minutes after use. The dilution with a non-
reagent organic solvent (isopropanol) gives a less viscous solution that is easier to handle and 
produces spin coated films of better quality. Also, a smaller amount of the rather expensive 
alkoxide is used. Diluting may increase the accessibility to the central vanadium atoms (see 
Figure 2-17) and thereby counteract the lowering of concentration - the desired, high 
reactance to water is still maintained. 

A clean and dry test tube was filled with argon (Ar) gas instead of air, and the above 
precursor contents were added through a rubber membrane at the top. The finished 30 ml 
precursor was stirred with a magnetic stirrer for about 10 minutes, and then stored in a 
refrigerator. 
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Figure 4-2 A correctly prepared vanadium precursor inside a test tube with Ar. 

The initial concentrated alkoxide, the solvent and the prepared precursor (Figure 4-2) are 
colorless and transparent. The precursor immediately turns yellow-orange if mixed with small 
amounts of water. If much water is introduced (e.g. when flushing it away in the sink), it turns 
orange-red. This is due to the presence of V5+ ions, whose compounds are yellow (see also 
2.5.4). Obviously, they absorb blue light in the visible region, transmitting red and yellow. 
For a high concentration, the absorption is more pronounced - allowing only red light to be 
transmitted. However, a color change induced by water before the spin coating step is 
unwanted. 

4.2.2 Spin-coating 
Before usage, the substrates were inspected to check the surface. Sometimes, small particles 

had adhered to the surface. If so, the particles were removed with a clean paper towel and the 
substrates were then flushed with ethanol solution (C2H5OH). 

The spin coater (Figure 4-3) was a modified Laurell WS-400-6TFM/LITE, with a drying 
lamp on the lid, providing temperatures around 70°C. The substrate was held in place by a 
vacuum pump. Centred on the lid, directly above the sample, was a rubber membrane used to 
inject syringes through. It was of importance that the membrane was clean; otherwise scrap 
particles could come off and land on the sample surface - creating unwanted film defects. 
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Figure 4-3 The spin coater with the lid opened. The sample was placed in the middle of the stage.   

Introducing a gas through a connection at the back enabled the atmosphere inside the coater 
to be controlled. In the first half of the project, nitrogen (N2) was used to slow the hydrolysis. 
The rest of the films were spin coated in atmospheric air. No differences were seen, but it is 
still unclear if the spin coating atmosphere affects the film properties. 

The precursor was drawn out from the test tube to a syringe. The syringe content was then 
injected through the lid membrane at the top of the lid, onto the substrate. When the whole 
substrate was covered by the precursor, the spin program was run. Approximately 0.3 ml of 
precursor was needed for each spin coated layer. 

Most of the deposited precursor flies off at the start. The rest is pushed outwards by the 
rotation, and most of the isopropanol evaporates. In the outer parts of the substrate, the film 
breaks due to edge effects. The rotation speeds used can be found in Table 6. There was a 
wider cracked edge for lower rotation speeds; approx. 1 and 2 mm for the T-and S-programs 
in respectively. A higher rotation speed gave a thinner film, and shorter duration was possible. 
When using slower speeds, the duration must be increased. Otherwise, the film could appear 
blotched. 

Program Speed 
[rpm] 

Duration 
[s] 

Acceleration 
[rpm/s] 

T 1000 90 3750 
F 1500 60 3750 
S 2000 30 3750 

Table 6 Used spin programs (internal names). Acceleration values are not accurate; instead it 
should be ‘instrument maximum’. It took about 1 sec for the spinner to reach the desired 
speed. Then, acceleration is zero (constant speed). 
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An alternative method of spin coating is to drip the precursor onto an already spinning 
substrate, but here the spinner was not running initially. 

When the spinner had stopped, the drying lamp was turned on and a timer was started to 
keep track of drying times. During drying, the remaining solvent is evaporated and the sol-gel 
transition continues, polymerizing the sol into a gel. 

It was found that drying times and temperatures strongly affected the final film 
characteristics, and drying under the lamp (at 70°C) for about 10 minutes produced good VO2 
films. Drying times had to be long enough for the newly coated film to withstand a 
subsequent layer, but short enough to avoid crystallization that was observed to affect the 
reduction process negatively. In addition, drying at elevated temperatures (above 100°C) 
seemed to encourage crystallization and thereby made the reduction difficult. 

When deposited onto the substrate, the precursor was still colorless but turned yellow-
orange while spinning as the solvent evaporated and the humidity in the air reacted with the 
vanadium precursor, starting the hydrolysis (see section 2.5.2). After approximately 10 
minutes of drying, the film had turned green. The color shifts seen in the process is explained 
by the oxidation state of the vanadium atoms (see section 2.5.4). 

Other details worth mentioning: 

- The lid was never opened during spin coating. 
- Sometimes, the drying lamp was turned on during the whole spin coating process. No 

particular effects were seen. 
- After spin coating, the samples were stored in atmospheric air, in a plastic box. 

4.2.3 Heat treatment 
As indicated by Figure 2-16, the gel is converted into the desired material by heat treatment. 

In this case, since the precursor is pentavalent vanadium (V5+), giving V2O5 complexes, the 
heat treatment is combined with reduction into the tetravalent (V4+) compound VO2. How 
these processes work is not discussed within this thesis. 

If a tetravalent precursor had been used instead, the heat treatment would not imply a 
reduction since the V4+ compounds already had been present. The reason for not doing so is 
partly that the heat treatment would have had to take place in an inert environment to prevent 
oxidization into V2O5 - still demanding equipment like the tube furnace. Moreover, tetravalent 
precursors are reported to be even more reactive towards hydrolysis and hard to synthesize 
[11]. Pentavalent precursors therefore seem more convenient as precursors. 

A tube furnace (Figure 4-4) was used to provide the reducing environment. The gas flow 
through the tube could be controlled as it was heated. In this project, heat treatments in 
hydrogen, vacuum and even ordinary air were tested. 

It was observed that the earlier developed process for VO2 on Si substrates could not be 
used; the resulting heat-treated films were not good enough. It was eventually found that a 
reducing step in a 5 % mixture of H2 in Ar at 525°C for 5h 20min produced crystalline VO2 
films of good quality. 
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Figure 4-4 The heat treatment furnace in which the atmosphere could be controlled. Samples were 

inserted by the left end of the tube, and pushed into the middle. 

Initially, no problems with quick cooling or heating were observed. Although, as the project 
evolved, it seemed more important to avoid effects related to thermal expansion mismatch 
between the film and the substrate. Many (thicker) films developed cracks after being heat-
treated. Hence, it was decided to heat and cool the samples in a slower manner. The samples 
were placed inside the tube furnace at room temperature. The reducing gas was applied from 
the beginning. Then, the furnace was turned on. About 20 minutes later, the final furnace 
temperature was reached – and the heat treatment timer started. 

After the 5h 20min heat treatment, the samples were stepwise pulled out of the furnace, in 
order to have a slow cooling. In the first step, they were pulled about 15 cm closer to the tube 
opening. About 5 minutes later, the samples were pulled out a bit further, so that they could 
be seen through the glass. In total, about 20 minutes were spent on cooling the samples down 
to room temperature. The reducing gas was turned on until the samples were outside the tube. 
In short, the samples were heated and cooled at an average rate of 25°C/min. 

The gas flow could be controlled, but not measured during the project. After a flow meter 
had been installed, the gas flow during the project was estimated to 1.4-2.9 litres/min. The gas 
pressure was slightly higher than atmospheric pressure. 

The furnace temperature is controlled by a digital device. A calibration with two other 
thermometers was done initially, resulting in a correctional diagram (not shown). If 525°C is 
desired, the attached device controlling the furnace should be set to 563°C. 

4.3 VO2 film processing, full procedure 

It was found that good optical characteristics and intact films (see section 5.2) were obtained 
by repeating the VO2 film processing chain. Between the processing rounds, a film cleaning 
procedure is used to prepare for another spin coating deposition. In summary, the best VO2 
films were produced by the following scheme. For more processing details, see sections 4.1 
and 4.2. 

1. Substrate cleaning and precursor preparation. 
2. Spin coating - T program, 2 layers, 10 min drying between each layer 
3. Heat treatment, 525°C, 5h20min, 5 % H2 in Ar (2.4 litres/min) 
4. Ultrasonic cleaning for 5 min, samples immersed in ethanol solution (C2H5OH) 
5. Rinse samples in ultrafiltered, deionized water 
6. Spin coating - T program, 2 layers, 10 min drying between each layer 
7. Heat treatment, 525°C, 5h20min, 5 % H2 in Ar (2.4 litres/min) 
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4.4 Heating device deposition 

Deposition of gold (Au) was made electrochemically and by sputtering. Initial tests showed 
that Au deposited directly onto the VO2 layer did not attach sufficiently. It was decided to 
have a thin Ti layer (≈ 0.02 µm) sputtered first, functioning as “glue” to make the Au attach 
better. We believe that the thin, metallic Ti layer does not thermally insulate the Au circuit 
from the VO2 film. Having an insulating material would increase component switching times. 

Then, a thin Au layer (≈ 0.02 µm) was deposited by sputtering. This layer only functions as 
an attaching layer for the following electrochemical Au deposition. In addition, a resist layer 
(Microposit S1813 PhotoResist) was spin coated onto the Au, and dried in ambient air at 70°C 
for 30 min. Figure 4-5 shows the depositions so far. 

 
Figure 4-5 Cross-section (side view) of sample after initial Au deposition steps. 

We now aim to remove parts of the resist layer and thereby reveal the Au layer in a desired 
pattern. A mask was placed above the resist layer and UV light was shone through it, breaking 
the hardening in a characteristic pattern determined by the mask. This mask is actually the 
negative of the final pattern shown in Figure 4-6, since the resist should be illuminated where 
the Au circuit is intended. After the illumination, the weakened resist was washed away with 
a NaOH solution. The result is shown in Figure 4-7. 
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Figure 4-6 Design drawing of the Au circuit. The larger areas on the left are bonding pads. The UV 

mask (not shown) is the negative of the circuit pattern. 

 
Figure 4-7 The Au layer underneath the resist layer has been revealed in the desired pattern. 

The large part of the Au is now deposited electrochemically by attaching electrodes to the 
Au layer and immersing the sample into a solution with dissolved Au salt. This process is 
referred to as plating - a voltage is applied between two electrodes immersed in the solution. 
An ionic current starts to flow where Au ions are attracted to the sample. This process was 
hard to control because of unwanted Au deposited onto the sample holder. This increases the 
effective area in the vicinity of the sample and thus the deposition conditions. A deposition 
rate of 6 A·min produced 1-4 µm thick Au stripes, sketched in Figure 4-8. 

The cause for having a resist pattern is hereby obvious, since Au ions does not attach to the 
resist material. 

 
Figure 4-8 Result from Au plating, where new Au has been deposited on top of the bottom Au layer. 
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The remaining resist layer was washed away with acetone (CH3OCH3), and the all-covering 
Au was etched down to the bottom Ti layer by a solution with potassium iodide (KI). Then, 
the newly revealed Ti layer was removed by sputter etching. The result is shown in Figure 
4-9. 

 
Figure 4-9 Cross-section (side view) of the finalized sample, with the Au layer on top of the Ti layer. 

Now, only the mask shaped Au circuit (Figure 4-6) remains, on top of the attaching Ti layer. 

The electrical resistance between the bonding pads can be estimated, using the resistivity for 
Au: 2.35·10-8 Ωm [54]. An approximate circuit total length of 270 mm, a 0.2 mm conductor 
width and a 2 µm thick Au layer, yields a resistance of 16 Ω. The Ti layer should not interfere 
with the resistance due to its high resistivity (42·10-8 Ωm, [54]) and almost negligible 
thickness. However, the VO2 film could affect the component resistance in the metallic high 
temperature phase. This motivates even more the need for a control system, to prevent an 
avalanche effect upon switching. 

The high IR reflectance of Au limits light transmission. Ideally, the Au pattern covers 2/7 ≈ 
29 % of the VO2 film surface, meaning that 71 % of the light will go through the heating 
device. In some cases, the Au stripe width deviated from 0.2 mm by approximately 10 % due 
to a slightly misplaced mask during UV hardening or insufficient Au etching. 

4.5 Wire mounting 

Copper wires were attached to the Au bonding pads with conducting, two-component epoxy 
glue. In order to harden the glue, and thereby achieve electrical conductivity, the sample was 
put on a heating plate (80-90°C) for a couple of hours. 
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5 Results and discussion  

The results from this project are presented in resemblance to the processing steps. It is hard 
to make predictions from full-component measurements only, if little is known about its 
contents. Therefore, the results strive to divide the component properties into parts. 

5.1 The Al2O3 substrate 

When measuring the shutter as a whole, or in film measurements, it is important to 
distinguish what effects the substrate might have. 

5.1.1 Optical properties 
As expected, the substrates showed a high transmittance (88% at 4 µm), see Figure 5-1. 

Reflectance measurements yielded almost 12% at 4 µm, confirming that transmittance losses 
at λ = 4 µm are only due to reflections – the absorption is negligible, as assumed in section 
2.4.1. At higher wavelengths, the transmittance is very limited due to absorption and/or 
reflectance, why the sapphire windows are not useful for shutters in the 5-25 µm spectral 
region. Since we are only interested in the 3-5 µm range, the sapphire substrates work fine. 
The substrates are also transparent in the visible region, giving the advantage that film colors 
could easily be seen with the bare eye. 

Figure 5-1 IR transmittance (solid) and reflectance (dashed) vs. wavelength for a 1 mm sapphire 
window in air, at room temperature. 
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5.1.2 Crystal structure 
The X-ray powder diffraction is most appropriate for polycrystalline samples. In this case, 

we are faced with a single crystal substrate, with an unknown orientation. Although the 
crystal structure and the angle between the optic axis and the substrate surface are known - 
measured Bragg peaks originating from the substrate were impossible to predict, because of 
the unknown rotational alignment. 

Substrate related Bragg peaks were observed occasionally, successfully identified because 
they disappeared if the XRPD measurement was repeated with a slightly rotated sample. 
These peaks were also narrower than film related peaks, due to the high substrate crystallinity. 
The strongest was observed at 2θ = 38.0°, related to the Al2O3 (1 1 0) peak with d = 2.38 Å. 
Smaller peaks at 2θ = 34.3° and 71.8° were observed, related to Al2O3 (1 0 4) and (2 0 8), 
respectively. [55] 

5.1.3 Other properties 
The surface profiler was used to get an idea of the evenness of the substrate in order to 

evaluate film thickness measurements correctly. A maximum height difference of 4 µm (peak 
to valley) was observed, confirming the thickness tolerance of 50 µm, but no general surface 
shape was found regarding waviness. If the surface profiles had been similar for all substrates, 
quantitative measurements of variations in film thickness across the substrate could have been 
made without scratching the film. Instead, the randomness of the substrate surfaces made this 
impossible. Locally, the substrates even – with a roughness less than 0.01 µm. 

Any significant differences between brand new substrates and those who had been recycled 
and cleaned were not found. No traces were left on the substrates after they had been cleaned, 
why substrate recycling did not seem to limit the overall film quality. 

5.2 VO2 film processing 

5.2.1 Spin-coating 
Relying on previous work [15], no measurements were made on the vanadium precursor. 

Instead, measurements were done after spin coating. Microscope pictures were taken, 
showing very even films, if defects are disregarded. The surface profiler also confirmed that 
the films were even and in some cases, the roughness did not differ from what was observed 
on the substrates. 

A typical spin coated and dried film is shown in Figure 5-2, where we also see the 
difficulties in producing clean films without defects or dirt. Therefore, experimental purity 
cannot be overemphasized. It was observed that defects of small particles tended to grow in 
the heat treatment procedure. 
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Figure 5-2 A spin coated film. Left – whole sample, middle – 50x magnification, right – 500x 
magnification. The bright circle in the left picture is some remainders from the spin 
coater, on the backside of the substrate. 

A few thickness measurements were made on spin coated (program T, see 4.2.2) and dried 
films. The first layer, after 10 min drying around 70°C, was 0.2-0.3 µm thick. A film with 
four spin coated, dried layers was 1.1 µm thick, why it is reasonable to believe that the 
thickness for non-heat-treated films increases linearly with number of spin coated layers. 
Drying times and temperatures affect the film thickness, but this was not studied in detail. 

XRPD measurements showed no signs of crystal structure, indicating that films dried for 10 
minutes were amorphous (Figure 5-3). 

 
Figure 5-3 XRPD pattern of a spin coated, dried film. No crystallization is observed. The detected 

intensity increases for low angles due to scattering. 

Electrical and optical properties of dried films were not characterized, as they were of no 
practical importance. 
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5.2.2 Heat treatment 
In the beginning of the project, much time was spent finding a reduction process that 

actually gave crystalline VO2 films - something that was far from easy. The compounds V2O5 
[56], V3O7 [57], V6O13 [58][59] and VO2 [60][61] were identified by XRPD measurements. 
No compounds more reduced (with less oxygen content) than the desired VO2 was observed. 

An observation in the XRPD diagrams was that the Bragg peaks were shifted towards 
higher angles about 0.1-0.2° compared to the peaks in the reference data. Looking back on 
section 3.1.3, this corresponds well to the error in 2θ due to sample displacement. With this 
and other possible errors in mind, no clear signs of stresses were seen in the XRPD patterns.  

The effects of the heat treatment were initially hard to interpret, with the small number of 
earlier experiments made on sapphire substrates. Knowledge needed to be gained, for 
example to identify phases in XRPD patterns correctly. The following sections present the 
results from two of the heat treatment paths in the project. 

5.2.3 Heat treatment - dried film into V2O5 
To keep things simple, it was decided to heat-treat the films in air (oxidizing environment) 

in attempt to form crystalline V2O5. The idea was then to heat-treat the V2O5 films in a 
reducing environment, forming VO2. After a 1h treatment at 400°C, a typical film is shown in 
Figure 5-4. Again, the film surfaces were even. 

 
Figure 5-4 The characteristic yellow color (left) justifies the formation of V2O5. The colors in the 

magnified pictures (middle - 50x, right - 500x) are misleading due to improper lighting. 

The yellow color indicates the V5+ oxidation state (see 2.5.4), as in V2O5. The films were 
electrically insulating (resistance ~10 MΩ), highly IR transmitting (T ≈ 70-80% at 4 µm) and 
showed no switching characteristics between room temperature and 80°C, as expected. 
Despite the lack of optical switching, making these films useless as a shutter, measurements 
were still made to establish a reference for the continued development. 

The typical resulting XRPD pattern shown in Figure 5-5, confirms the formation of 
crystalline V2O5 but unveils also that it is not purely polycrystalline because some strong 
V2O5 Bragg peaks do not show (e.g. the (1 1 0) peak at 2θ = 26.1°). A certain preferred 
orientation is shown, encouraging the V2O5 (h 0 0) and (0 0 l) planes. 
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Figure 5-5 Typical XRPD pattern after heat treatment in air, showing some of the identified Bragg 

peaks of crystalline V2O5. The vertical axis has been cut to increase visibility for low 
intensity peaks. 

Through a scotch tape test, it was concluded that the spin coated and heat-treated films 
attached to the sapphire surface with sufficient strength. 

5.2.4 Heat treatment - V2O5 into VO2 
Attempts were made to reduce the crystalline V2O5 films into VO2 by heat treatment in 

vacuum or hydrogen at temperatures around 500°C for a few hours. The heat treatment 
resulted in a color change from yellow to brown, as seen in Figure 5-6. 

 
Figure 5-6 Resulting film from reduction of V2O5 in hydrogen and in vacuum. The microscope 

pictures show a more rough appearance than earlier. 

The reduction seemed successful because the films showed switching characteristics around 
60-70°C, both optically and electrically. The resistivity showed a promising drop by a factor 
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103-104 upon transition, estimated by resistance measurements. However, the optical 
properties never came close to the goals regarding closed mode transmittance. At best, a 7 % 
closed mode transmittance was achieved. The open mode transmittance was typically around 
70 %. Film thicknesses at this stage were about 0.1-0.25 µm. 

The brown film color could not be explained, but a yellow tone could be seen in some films, 
giving a light brown appearance. It is believed that this is due to remainders of V2O5, i.e. 
incomplete reduction. 

In general, Bragg peaks from XRPD indicated a limited formation of VO2. Instead, other 
less reduced V-O phases (predominantly V6O13) were observed frequently (Figure 5-7). 

 
Figure 5-7 Selected XRPD diagram after reduction of crystalline V2O5, showing a mixture of VO2, 

V6O13, V3O7 and V2O5. Note that the vertical axis is cut. 

The preferred crystal orientation is evident. The V6O13 (0 0 l) were highly represented, with 
peaks stretching from (0 0 1) to (0 0 8). No other peaks of V6O13 could be identified. For 
V3O7 and VO2, the (h 0 0) peaks were promoted. 

Because of the non-polycrystalline properties, it was not possible to estimate the relative 
amounts between the identified compounds. Determining the relative volume fractions 
demands some kind of calibration of the isolated phases - a too laborious task within this 
project. 

It was not surprising that preferred orientation remained after subsequent heat treatments – 
but it complicated the identification of unknown phases, since normally strong peaks for a 
polycrystalline sample might not show at all. 

The limited formation of VO2 was held responsible for the low contrast in optical switching. 
Various hydrogen/vacuum reduction temperatures and durations were tested but the optical 



 69

properties did not improve significantly. The heat treatment path via purposely formed V2O5 
was discontinued because it did not show enough potential. Instead, the following heat 
treatment turned out to be more fruitful. 

5.2.5 Heat treatment - direct reduction 
Obviously, the reducing heat treatment was inefficient if the sample had already 

crystallized. Heat must be added to obtain reduction, but as an inevitable consequence, the 
film crystallizes. Therefore, the first heat treatment was done in a reducing environment - 
achieving a simultaneous crystallization and reduction. Eventually, it was found that a single 
heat treatment step in hydrogen was the most efficient, since better optical properties were 
observed this way. 

The closed mode transmittance was successfully lowered, but only to levels around a few 
percent. However, reflectance measurements yielded that the transmittance losses in the 
closed mode were due to both reflectance and absorption. Therefore, the closed mode 
transmittance would be lowered further if the films were thicker, and it was decided to 
produce thicker films. If there had not been any absorption, nothing had been gained with a 
thicker film. 

The spin coating parameters were altered and thicker films obtained. Unfortunately, the 
films cracked in heat treatment process - probably due to the volume change related to solvent 
evaporation. When drying, cracks initiated at the edges and spread later on towards the centre 
of the film. Heat-treated films thicker than about 0.35 µm had cracks all across the surface 
(Figure 5-8). A critical dried film thickness before the heat treatment was estimated to 0.8 µm. 

 
Figure 5-8 Too thick films broke during heat treatment. This film was 0.35-0.45 µm thick after the 

reducing step. The microscope picture in the middle (50x) show peripheral parts of the 
film surface, where the cracks initiated.  

Electrically, the films were insulating due to low conductivity between flakes. On the other 
hand, the theory of improved optical properties was proven successful - the transmittance in 
the closed mode was almost down to 0.1% whereas it was above 50% in the open mode. 

At this stage, a SEM investigation was done. The incomplete coverage in Figure 5-9 (left) 
explains the low quality in optical damping for thinner films, seen earlier. 
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Figure 5-9 SEM pictures of films with thicknesses 0.15 µm (left) and 0.4 µm (right). Incomplete 

coverage is shown in the left film, not visible in the optical microscope. The film on the 
right appears more even, but might have a more hollow morphology underneath. It also 
shows cracks (diagonal canyons) due to its thickness. 

Thicker films had a lower closed mode transmittance, partly because they are thicker but 
also because their complete coverage – seen in Figure 5-9 (right). 

The films need to be intact in order to deposit more material (i.e. a heating device) on top. 
Experiments were made to prevent cracks, for example to increase drying times and 
temperatures but this was not a good approach since prolonged drying promoted 
crystallization, and thereby interfered with the reduction. Instead, it was observed that spin 
coated films should not be dried too long, just so that they could withstand a subsequent spin 
coated layer. This improved the reduction efficiency and gave a bluish tone to the film, 
indicating more pure VO2 (see section 2.2.4).  

5.2.6 Final results of VO2 films 
What finally solved the problem with cracks and gave films thick enough was a repeated 

deposition procedure, processing two films on top of each other. This method, together with 
the previously developed heat treatment, gave reproducible films with stable properties. The 
formation of VO2 is confirmed by the optical switching characteristics and XRPD results. 

The first film was spin coated thin enough to avoid cracking in the heat treatment and a 
second film was produced on top of the first, in the same manner. In this way, the volume 
change in the heat treatment only involves the last deposited film and keeps it intact. See 
section 4.3 for processing details. Figure 5-10 shows one of the most successfully processed 
VO2 films. 
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Figure 5-10 General appearance of the twice processed VO2 film, showing a slightly blue tone and an 

even surface. 

The roughness of the film surfaces was estimated below 0.01 µm, the same result as for the 
substrate. However, this measurement is done along a defect-free path. 

The destructive nature of the film thickness measurements only allowed one of the final 
films to be measured (0.42-0.44 µm). With this result and earlier findings (about 0.2 µm in 
each deposition round), the final film thickness is estimated to 0.4 - 0.45 µm. 

As mentioned, the shorter drying durations enabled a more efficient reduction, clearly 
shown by the Bragg peaks from pure VO2 in Figure 5-11 and Figure 5-12. However, despite 
the identical processing, the two samples show different crystalline properties. 

 
Figure 5-11 XRPD pattern, showing strong Bragg peaks and a clear preferred crystal orientation 

towards VO2 (h 0 0). 
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In Figure 5-11, apart from the (h 0 0) peaks of VO2, only the (0 1 1) peak has been 
identified - the preferred orientation was strong. Figure 5-12 shows a different appearance, 
where most of the (h 0 0) peaks are present, but other VO2 peaks dominate. Moreover, low 
intensity Bragg peaks tell of a low degree of crystallinity. 

 
Figure 5-12 XRPD pattern, showing a lower degree of crystallinity and a more random orientation. 

It seems as if the crystallization is strong, the crystal grains also orient similarly. For a lowe
degree of crystallization, the orientation is weaker. The origins of these differences c
be pointed out explicitly. However, for

r 
ould not 

 our purposes, the optical properties seem unaffected. 
N
e

Results from transmittance measurements are shown in Figure 5-13 and Figure 5-14. 

o correlation between crystallinity and optical properties has been seen in the few 
xperiments done within this project. 
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Figure 5-13 Low temperature (60°C) IR transmittance for VO2 on Al2O3. The minor dip for sample 2 

at 4.25 µm is due to absorption of CO2 in the surrounding air. 
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Figure 5-14 High temperature (75°C) IR transmittance for VO2 on Al2O3, shown as log(T). 

Low temperature transmittances at 4 µm were around 50-55 % for all samples in the final 
round, while a transmittance around 0.1 % (OD 3) was measured in the high temperature 
phase. These results are in good agreement with the optical model in section 2.4, predicting 
around 50 % (low temperature) and 0.1 % (high temperature) transmittances for 0.4 - 0.45 µm 
films. 

To further judge the optical model, reflectance measurements were also made (Figure 5-15). 
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Figure 5-15 IR reflectance for the final VO2 films on 1 mm sapphire. The bottom and top curves 

denote low (60°C) and high (75°C) temperature measurements, respectively. Distortions 
around 2.7 µm and 4.3 µm are due to atmospheric absorption. 

The reflectance at 4 µm is about 43 % for the low temperature phase. A significant increase 
to 72 % is observed when the film is heated. Hence, the remaining 28 % of the incident light 
intensity is absorbed in the VO2 film. 

For 0.4 - 0.45 µm films, the model predicts 40-45 % and 68 % reflectance for the low and 
high temperature phases. The large reflectance (72 %) in the high temperature phase can be 
due to the oblique incident light - giving a higher reflectance than modeled. The closed mode 
reflectance exclusively comes from the air-VO2 interface because of the large absorption. This 
partly explains why a similar reflectance (larger than expected) was not observed in the low 
temperature phase. 

By studying the transmittance at 4 µm and varying the film temperature, the hysteresis 
profile (Figure 5-16) was mapped. The shape of the curves would be very similar for all 
wavelengths in the 3-5 µm region, but only 4 µm results are shown here. 
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Figure 5-16 Transmittance at 4 µm for VO2 on Al2O3, showing the hysteresis profile of two samples. 

The right and left curves indicate increasing and decreasing temperature, respectively. 
The transmittance above 75°C is below 0.1% for both samples. 

The hysteresis width is 2-4°C. For our purposes, sample 1 is better than sample 2 - the open 
transmittance is higher, the hysteresis width is smaller and the transition is steeper. However, 
there is not yet an explanation for the difference in hysteresis profiles. 

Electrical measurements yielded a sheet resistivity (for 1 µA currents) above 1MΩ/ at 
room temperature i.e. in the VO2 insulating phase. Above 80°C, i.e. in the metallic phase, 
100-1000 Ω/ was measured. Attempts were made to create a hysteresis graph for the 
resistivity as well, but the results were not stable. The sheet resistivity given by the four-point 
probe varied a lot, possibly due to local cooling by the probes in contact with the film. Even 
though the temperature was kept constant for a long time, enabling the probes to be heated, 
the results were ambiguous. The problems can also be due to bad electrical contact at the 
probe-film interface. On the other hand, it is possible that the sheet resistivity is immeasurable 
by this method. This is motivated by the photographs in Figure 5-17, catching the VO2 
transition. The sample has been setup so that it is in thermal contact with a heating plate to the 
left, and a cooling sink to the right. 
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Figure 5-17 The VO2 transition viewed through a microscope (transmitted light). In the left (50x) 

picture, the left part is in the high temperature, tetragonal phase. The border between the 
phases is zoomed (500x) in the right picture. Small, darker regions have undergone the 
transition to the tetragonal phase while brighter regions are still in the monoclinic phase.  

Evidently, the transition takes place in small regions. The complex field of regions around a 
measuring probe might explain the difficulties in the sheet resistivity measurements. 

5.3 Heating device deposition 

When a VO2 film had been produced somewhat successfully, the processing continued by 
depositing a strip of Au (Figure 5-18) used for resistive heating of the VO2 film. In total, 
eleven heating circuits were deposited. A few of them were processed successfully and their 
switching time characteristics were measured. All heating devices were designed using the 
same mask (Figure 4-6). 

 
Figure 5-18 Deposited Au circuit on top of a VO2 film. The brighter areas in the outer parts of the left 

picture are remnant Au from the deposition process, without function. The middle and 
right picture shows 50x and 500x magnification, respectively. 

If the VO2 film was even, the component also had a nice appearance after Au deposition. 
The circuit was even, with distinct edges. 

Various problems came up in the deposition process. Initially, it was found that Au did not 
attach to VO2 very well. Thus, a Ti layer was introduced, giving an increased adhesion. 
However, the heating circuit could come off anyway - especially when the VO2 films were 
rough or had many surface defects. The VO2 film seldom came off from the Al2O3 substrate 
along with the Au. Thus, good VO2-Al2O3 adhesion was observed. 

The diverging plating deposition rates gave Au thicknesses from 1 to 4 µm. Circuit 
resistances were measured to 10-30 Ω (lower resistance for larger Au thickness), in 
accordance with the estimation in section 4.4. 
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Film irregularities from dust and dirt introduced in the VO2 process caused the Au circuit to 
break. Sometimes, it was possible to repair the damages afterwards with a stripe of conductive 
glue, resulting in an increased circuit resistance (typically 5-10 Ω). The glue was also used to 
attach electrodes to the bonding pads. This resulted in a similar resistance increase (5-10 Ω). 

5.4 Final component 

5.4.1 Transmittance properties 
For the optical properties of the final component, we conclude a closed mode transmittance 

of below 0.1 % and an open transmittance of 15 % (sample F in Figure 5-19). 

Although no remainders of Au or Ti was identified between the stripes on the VO2 film, a 
large decrease in VO2 sheet resistivity was observed after Au deposition. In addition, the 
process changed the optical properties of the VO2 film negatively. Figure 5-19 shows these 
effects. As discussed in section 4.4, all components had a slightly different Au coverage. 
Stripe widths were measured in the microscope, giving an estimated coverage for each 
individual sample. Expected transmittance is calculated from the transmittance before Au 
deposition, scaled by a factor determined by the actual coverage. 

 
Figure 5-19 Shutter IR transmittances at 4 µm after Au heating device deposition. The transmittance 

was lower than expected for the low temperature phase (left). 

Unfortunately, the measurements agree more to the expectations for the high temperature 
mode. The net effect is less contrast in the optical switching. 

If there were no obstacles for the light other than the heater, all bars in Figure 5-19 should 
be mutually equal. Furthermore, if the VO2 film was unaffected and remainders of Au or Ti 
reside on top of the film, the diversities should be similar for both temperature modes, 
contradicting the observations. 

The relatively inert Au is not likely to cause these effects. Instead, the initially deposited, 
quite reactive Ti or Ti-O compounds might incorporate the VO2 film and thereby change its 
optical properties. If this theory holds, the final sputter etching designated to remove Ti does 
not fulfill its purpose. 
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5.4.2 Switching time 
Four of the produced shutters with Au heaters were tested regarding switching time from the 

low to the high temperature mode. As in section 3.4, the shutter was heated with low power to 
temperatures right below the transition temperature of the VO2 film. The temperature could 
not be measured, but estimated by monitoring the detector response. When the response 
started to drop, the transition had initiated. No clear signs of hysteretic behavior were seen, 
and the lack of temperature data made hysteresis studies difficult. 

The most fruitful method to obtain low switching times was to keep the shutter as close to 
the VO2 transition temperature as possible, before initiated heating. 

The switching time strongly depended on the applied voltage i.e. the transferred heating 
power from the Au heater to the VO2 film. The maximum voltage setting 64 V gave transition 
times around 15 ms at best. 

In Figure 5-20, the shutter resistance was 26 Ω (31 Ω for the whole system). Although the 
rise time of the heating current is below 1 ms, the voltage of the power supply obviously 
drops below 40 V since only 1.25 A (50 W) is provided to the system. 

 
Figure 5-20 Course of events measured by the oscilloscope. The lower signal is the applied heating 

power, where one square is 1A vertically and 10 ms horizontally. Here, 20 ms passes from 
the onset of applied heating power to a significant decrease in transmittance (upper 
signal).  

As discussed in section 3.4, the beam is chopped into detectable pulses. The amplitude of 
the oscillations is the actual sensor response. Initially, the response is distorted because of the 
fast heating - the increased heat radiation contributes to the detected signal. After a while (~60 
ms typically), the detector has accustomed to the new mean intensity and the mean response 
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has returned to zero. The film temperature increases fastest in the beginning and the 
distortions are hence largest initially. 

The switching time for a 64 V supply was 15-20 ms for all measured shutters. The heater 
resistance did not seem to affect the switching time. A thick Au heater has a lower resistance 
and allow for a higher power throughput. On the other hand, more Au has to be heated before 
the thermal energy is transferred to the VO2 film. Obviously, these two effects cancelled. 
Even when circuit repairs had been made and the resistance had increased due to the 
conductive glue, no significant change in switching time was observed. 

Normally the heating current was turned off manually within a second to prevent 
overheating. If the heating was prolonged, either the Au circuit, or the substrate could break. 

If overheating is prevented, all component parts seem to withstand multiple switching. No 
effects were seen from approximately 50 repeats. 

The avalanche effect (mentioned in 4.4) due to the abrupt lowering of the VO2 resistivity 
was observed, but the increase in heating current was rather limited - it did not cause any 
problems. 

5.5 Observations with an infrared camera 

Instead of the detector in Figure 3-10, an IR camera was used to study the appearance of the 
transition. It was observed that the transition takes places homogenously across the film. A 
complete shutout of the blackbody radiator was seen in the closed mode, since the camera was 
most sensitive in the 3-5 µm wavelength region. 

Since the shutter was kept around 60-65°C in the open mode, blackbody-like radiation is 
emitted from the shutter itself. Hence, if the shutter was placed in front of the camera, objects 
viewed through the shutter had to be much warmer to be visible. However, there was no 
problem of viewing e.g. a 600°C object through the shutter. 

5.6 IR transparent electrodes 

Results from measurements on the IR transparent materials mentioned in section 1.5.2 are 
presented here. Lithium cobalt oxide (LiCo2O4) and nickel cobalt oxide (NiCo2O4) has been 
processed via sol-gel synthesis. Precursors of different types and concentrations have been 
spin coated onto Si and Al2O3 substrates and dried in air at 100°C. The spin coating rotation 
speed has been 1250 rpm. The processing also involved annealing in air at 500°C for 1h. 

A comparison between spin coated films NiCo2O4 and LiCo2O4 yielded that the latter had a 
lower sheet resistivity. The IR transmittance has been high (>80%) for all films deposited 
onto Al2O3. This far, the most promising film electrically was a Li-Co oxide, showing a sheet 
resistivity of 90 Ω/, spin coated on a Si substrate. However, it could not be excluded that the 
rather low sheet resistivity of the Si substrate (100 Ω/) interfered with the measurement. 

Unresolved issues remain, many of the films showed small cracks, which made electrical 
conduction across the whole film impossible. In addition, the film surfaces were rough; some 
films had a roughness in the size of the film thickness (i.e. around 0.1 µm). The work 
continues by aiming for more even and intact films. The adhesion to both Si and Al2O3 
substrates has been very good. 



 81

 

6 Conclusions 

A shutter for infrared light (3-5 µm) has been designed, exploiting the phase transition in 
thermochromic vanadium dioxide (VO2). Switching between open and closed mode was 
successfully achieved electrically through a deposited resistive heating circuit of gold (Au). 

6.1 VO2 film process 

The earlier VO2 film process has been improved and adapted to manufacture reproducible 
depositions onto Al2O3 substrates. The films have been characterized by XRPD 
measurements, confirming a formation of almost exclusively crystalline VO2. The repeated 
procedure presented in section 4.3 was a breakthrough, giving thicker and intact films. It also 
decreased the variations between different samples, seen earlier. 

By FTIR spectroscopy, the temperature dependent optical properties in the IR 3-5 µm 
wavelength region have been measured. Within the temperature range 65-70°C a 
transmittance drop from 55 % to below 0.1 % was observed. The hysteresis width related to 
the transition was shown to be less than 4°C, indicating relatively pure and crystalline VO2 
content compared to spin coated films in other works [11]. 

6.2 Heating device 

Resistive heating devices of Au have been deposited on top of the VO2 films. The VO2 
transition has been accomplished and controlled through electric power, forming the active 
optical shutter aimed for. Even though a transmittance lowering is inevitable with metals in 
the light path because of high reflectance, an additional transmittance decrease in the low 
temperature phase (open mode) was observed after making the Au pattern. An open 
transmittance of 15 % was measured for a shutter with lower than 0.1 % closed transmittance. 
The reason for this overall performance lowering (change in the optical properties of the VO2 
film) was not fully understood. However, the high temperature (closed mode) transmittance 
was lowered in accordance to the expectations. 

6.3 General conclusions 

The quality of the VO2 film surface also determined the quality of the Au heater. If the films 
contained many defects, the Au heater would easily break – during processing or in the 
switching time measurements, when applying large currents. If the VO2 film surface was 
even, the Au circuits were distinct and could withstand high current loads. This emphasizes 
the importance of a defect free film. 

Component switching times down to 15 ms were measured. A strong dependence on applied 
power was found, why the switching time is believed to decrease even more with stronger 
voltage supplies. 
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7 Future work 

The shutter in this project can surely be improved, both as a part of a protection device 
against lasers but also for other shutter applications. Some improvements are suggested here. 

7.1 The VO2 films 

The optical model predicts a higher transmittance at 4 µm and most likely in the whole 3-5 
µm region for thicker films, due to interference. Looking back at Figure 2-14, a thickness of 
0.6 µm would significantly increase the transmittance to around 70 % in the open mode. In 
the closed mode, a transmittance around 0.01 % is predicted. 

For the present 0.4 – 0.45 µm films, the sought for interference maximum is likely found at 
shorter wavelengths than 4 µm. This is confirmed by the transmittance peaks for wavelengths 
of 2-3 µm in Figure 5-13, and by the open mode reflectance minima for the same 
wavelengths, in Figure 5-15. The transmittance maxima were not present for thinner films 
produced earlier in the project, and they will most likely be shifted into the 3-5 µm region if 
the VO2 films were thicker. 

A relation between crystallinity and transition steepness was not seen, but too few 
experiments have been made within this work to say whether they are correlated. It is still 
believed that a steeper transition can be obtained by higher film crystallinity. This might be 
obtained by longer reduction durations. 

In section 5.5, it was seen that the shutter temperature could affect the performance of an IR 
camera. This puts the use of doped VO2 in a new position. If the transition temperature could 
be lowered with retained optical performance, the shutter would be attractive to more 
applications. 

7.2 Heating device 

The primary improvement for the Au deposition is to reduce the negative effects on the 
optical properties. If Ti is incorporated in the VO2 films in the initial deposition step, perhaps 
a mask (applied on top of the VO2 film) could prevent unwanted Ti deposition between the 
circuit stripes. 

It would be interesting to vary the geometry of the circuit. For example, a larger separation 
of the stripes leads to a higher component transmittance – but how much is the switching time 
affected? The processing method, virtually, implies no limitation to the circuit shape. 

As discussed earlier, the use of metals as resistive heaters in the light path is not optimal. In 
the long run, the IR transparent electrodes have more potential. Though, the surface quality of 
the LiCo2O4 / NiCo2O4 films has limited the electrical conductivity so far. By using an IR 
transparent material, the deposition does not necessarily have to be in a pattern - it could 
cover the whole VO2 film. In this way, the heating device is less sensitive compared to the Au 
heater – whose function relies on that all stripes are intact. The electrical contacts on IR 
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transparent films are suggested to be wide instead of point shaped, so that the heating current 
is spread out over the surface. Thereby, the component resistance lower and the heating 
should be faster. 

Even though the avalanche effect was not observed for Au heaters, it can be an issue for 
heating devices of higher resistivity, such as the IR transparent electrodes. 

7.3 Control system and power supply 

A voltage supply that can deliver high currents (i.e. sustain a high voltage under load) would 
probably shorten the switching time. Since a compact design of a complete system often is 
desired and since the high current only is needed for a short time, maybe a capacitive device 
is useful. 

In an application, the shutter temperature needs to be controlled. By measuring parameters 
such as film temperature and transmittance, the control system should provide the appropriate 
heating current to the device. In the open mode, the film temperature should be kept right 
below the transition temperature. Upon switching to the closed mode, a high heating power 
should be supplied. The system must also control the applied heating power to prevent 
overheating – which could lead to component breakdown, but primarily the return to the open 
mode by cooling takes longer than necessary. In order to enhance the reversed switching time 
(closed to open mode), a cooling sink in thermal contact with the shutter can be used. 

7.4 Other 

A good property of a protection against lasers would be to control incoming light spatially – 
limiting light from some parts of the field of vision, transmitting light from other parts. This 
way, the detector could be partly operational even when the shutter is in the closed mode. If a 
local heating can be achieved, without heating other parts of the VO2 film, this can be 
possible. 

An implementation in an optical system also demands a larger component than produced 
this far (1 cm2). Based on this work, the VO2 film process should quite easily be adaptable to 
a larger substrate. If a similar heating device of Au will be used on a larger component, it may 
be advisable to divide it into parts. If many circuits are used to heat the same film - the 
vulnerability to circuit breaking reduces.
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