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The Department of Energy reports that buildings consume more than 40% of primary energy 

in the U.S. and that this trend will continue for the foreseeable future. Furthermore, windows 

constitute a major path for energy losses from buildings and therefore also present a significant 

opportunity for efficiency improvement and waste reduction. With this in mind, the work in this 

dissertation is focused on improving the control of solar and thermal radiation through windows. 

These radiation spectra can be controlled independently because they peak at different 

wavelengths due to the much higher temperature (5500 °C) of the Sun compared to objects on 

Earth (25 °C). In this work, a thermochromic material is utilized to control solar irradiance and a 

low-emissive (low-E) material is used to control thermal radiation. Thermochromic materials 

possess optical properties that change in response to temperature and low-E coatings are 



  

reflective in the mid-infrared (thermal) region. VO2 is an exciting candidate for thermochromic 

coatings because its transmittance in the visible region is relatively constant, but its reflectance in 

the IR increases significantly with temperature. The main technical issues limiting VO2 are 

luminous transmittance (Tlum) that is too low and a transition temperature (τc) that is too high. 

For the low-E coating, (SnO2)x(In2O3)1-x (ITO glass) was chosen because it has both high 

luminous transmittance and low emissivity. 

In this dissertation it is shown that τc of VO2 can be lowered from 50 to 45 °C by reducing 

the grain size of the film from 70 to 31 nm. In the area of luminous transmittance, TiO2 is 

investigated as an anti-reflective coating which can be used to increase Tlum. Later in this work, it 

is demonstrated that the energy efficiency gained through VO2 can be further improved by 

combining it with a low-E coating. The multilayer design combines anti-reflection in the visible 

region, thermochromism the near-IR and low emissivity in the mid-IR for an outstanding energy-

efficient coating across the solar and thermal spectra. This dissertation contributes knowledge 

that helps reduce the barriers which currently limit thermochromic materials from being utilized 

for energy efficiency in built environments. 
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1 Introduction 

1.1 Motivation 

The Department of Energy reports that in 2011 approximately 41% of primary energy in the 

U.S. was used in residential and commercial buildings, as shown in Fig. 1.1 [1]. Given the strong 

demand for energy production as well as environmental issues such as global warming, a new 

path is needed for the 21
st
 century and beyond. A balanced approach to meet this grand challenge 

comprises both a robust portfolio of energy-supply technologies as well as better utilization and 

efficiency of current energy production. One approach for improving energy efficiency in built 

environments is through the application of chromogenic (dynamic tint) coatings for windows.  

 

Fig. 1.1. Primary energy usage in the U.S. [1]. 

 

There are many different types of chromogenic technologies, and the three most popular are 

electrochromic, photochromic, and thermochromic [2-5]. These materials are briefly summarized 

in Table 1.1. Two important considerations for chromogenic devices are user controllability and 

production cost. The former can be thought of as either an advantage or disadvantage depending 

on user preferences and analysis criteria. Taking user controllability as a positive aspect, 

electrochromic devices have an advantage in this area. On the issue of production costs, clearly it 

Buildings 

41.1% Industry 

30.8% 

 

Transp. 

28.1% 
Res. 

22.5% 

Com. 

18.6% 
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is desirable to reduce these as much as possible. Here thermochromic materials have an 

advantage since they only require a single layer and do not need energy input from the system 

(the heat for the optical transition comes from the Sun). Each of the technologies listed in Table 

1.1 is promising and has various applications for which it is suitable. In this work, a 

thermochromic material, VO2, is investigated. 

 

Table 1.1. Background on chromogenic technologies [2-5]. 
            

Chromism 
External 
Stimulus 

Physical 
Mechanism 

Example Advantage Disadvantage 

Electro- 
Applied 
Voltage 

Reductive 
Intercalation 

LixWO3 
User-controllable, 

demonstrated 
technology 

Complexity, cost, need 
for electrical circuit 

Photo- 
Light 

Irradiation 
Photo-

reduction 
AgCl Simple, automatic 

Loss of reversibility, not 
user-controllable 

Thermo- 
Temperature 

Change 
Mott-Peierls* 

Transition 
VO2 

Simple, 
inexpensive, 

automatic 

τc currently too high, not 
user-controllable 

 
* Mott Insulator: Material predicted to be conductive based on band theory, but is actually insulating 
due to interactions between electrons. 
 

* Peierls Transition: Dimerization (pairing) of ions in a chain due to instability at low temperature. 

 

1.2 TiO2 as an Anti-reflective Coating 

The primary focus of this dissertation is to gain fundamental insights on improving the 

performance of VO2. One of the major issues for this material is insufficient luminous 

transmittance (less than 55%) [6]. A practical approach for improving Tlum is through anti-

reflective coatings, such as TiO2 [7]. For this reason TiO2 will be briefly discussed in this section 

and then a parametric study on reactively-sputtered titania films will be presented in Ch. 2. A 

multilayer thin film with an anti-reflective TiO2 layer will be presented in Ch. 5. 
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Titanium(IV) oxide is an important dielectric material with applications in optics, catalysis, 

and many other areas. It is utilized in a variety of forms including bulk, thin film, and 

nanoparticle [8]. Characteristic optical properties of the material comprise a high refractive index 

(2.5) and very wide band-gap (3.3 eV) [9]. TiO2 has three naturally-occurring crystalline phases 

which are brookite (orthorhombic), anatase (tetragonal) and rutile (tetragonal). It is worth noting 

that rutile is the equilibrium phase and the other two are metastable. Thus brookite and anatase 

will convert to rutile given sufficient heat and time at atmospheric pressure. For the anti-

reflective application desired in this dissertation, either anatase or rutile are suitable (brookite is a 

very uncommon polymorph). 

Minimum reflection can be achieved in optical coatings when the incident and reflected 

waves are 180° out of phase. For a single interface, the Fresnel equations can be used to calculate 

the reflection coefficient. For complex multilayered systems, numerical techniques such as the 

transfer-matrix method are needed [10]. In this work, reflectance and transmittance are 

calculated with the program TFCalc by Software Spectra, Inc. The required inputs for the 

software are the refractive index and layer thickness of the material. Absorptance, transmittance 

and reflectance are the output from the program. The software has the capability to iterate layer 

thicknesses and re-run the analyses until user-specified goals are met. In this work, the goal is to 

have minimum reflectance in the visible region (400 to 700 nm). The layer thicknesses of the 

anti-reflective TiO2 coatings in this dissertation were designed using this approach. 

1.3 Structures, Properties and Applications of VO2 

VO2 is a unique material that undergoes a reversible phase transition around 68 °C [11]. 

Below the critical temperature, 𝜏𝑐, it is semiconducting with a monoclinic structure, and above 𝜏𝑐 

it converts to a rutile tetragonal structure with metallic characteristics [12]. At the 
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semiconducting-to-metallic transition (SMT), properties such as electrical conductivity, magnetic 

susceptibility, optical transmittance and mechanical stiffness change abruptly [13-18]. From a 

fundamental standpoint this is an interesting phase transition with several details still being 

actively researched, and from an applications perspective there are numerous technologies that 

could benefit from such a material [19-24]. 

 
Fig. 1.2. Thermochromic smart window schematic showing luminous transmittance and near-

infrared modulation. 

 

Given that its optical properties change significantly and reversibly with temperature, VO2 is 

a thermochromic material. Furthermore, its transmittance in the infrared (IR) region decreases 

substantially more than in the visible region when switched to the high-temperature metallic 

state. Since 𝜏𝑐 is relatively near room temperature, it is possible that a thin film of VO2 could be 

used as a smart window coating by regulating solar irradiance. A schematic of a VO2 smart 

window is shown in Fig. 1.2. The current technical challenge for this material is achieving a 

transition temperature near 25 °C while still maintaining adequate luminous transmittance and IR 

modulation. Doping the material with impurities such as W or Cr has been shown to drastically 

reduce 𝜏𝑐; however, there is generally a tradeoff such that as 𝜏𝑐 is reduced, luminous 

transmittance decreases, IR modulation decreases or both decrease [6]. 

VO2 (100 nm)

Glass (1.1 mm)

0.55 μm 1 μm

Below   

Above   
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Fig. 1.3. Relationship between monoclinic (black line) and rutile (red line) VO2 crystal lattices. 

 

The lower temperature monoclinic (M1) phase is closely related to the higher temperature 

metallic rutile (R) phase, as shown in Fig. 1.3. Note that the angle β shown in Fig. 1.3 is 122.6° 

[25]. For this system, the M1 lattice has the space group P21/c (No. 14), while the higher-

symmetry R phase is P42/mnm (No. 136). There is a shear distortion relation between the unit 

cells such that the monoclinic two-fold axis bM1 is parallel to the a-axis of the rutile structure 

[12]. The transformation matrix which relates these two structures was determined by Marezio et 

al. and is shown in Eqn. 1.1 [12]. 

(
𝑎
𝑏
𝑐
)

𝑀1

= (
0 0 2
1 0 0
0 1 1̅

)(
𝑎
𝑏
𝑐
)

𝑅

     (1.1) 

From Eqn. 1.1, it can be seen that the monoclinic a-lattice parameter is twice that of the rutile c-

parameter. Physically, this relationship corresponds to dimerized (paired) V atoms in the M1 

structure forming a twisted configuration along the c-axis of the parent R structure [22]. Other 

VO2 structures have also been reported in addition to the R and M1 phases [12]. 

The current understanding is that the transition temperature is related to the energy band 

structure of VO2, and therefore one approach to modify 𝜏𝑐 is to dope the material with a suitable 

aM = 2cR 

cM 

bM = aR 

β 
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cation, i.e. MxV1-xO2. Ions such as W
6+

, Mo
6+

, Ta
5+

, Nb
5+

 and Ru
4+

 are donor impurities which 

have been shown to lower the conduction band edge and corresponding 𝜏𝑐 of VO2 [26]. 

Conversely, Ge
4+

, Al
3+

 and Ga
3+

 are acceptor impurities which can introduce more holes into the 

valence band and increase 𝜏𝑐 if needed for a given design. However, it should be stated that this 

is only a working hypothesis in the literature, and the exact effects of dopants on 𝜏𝑐 are not 

entirely understood. For example, Manning et al. reported that in W0.032V0.968O2 the charge state 

of W was 4+ [27], which does not entirely follow the trend described above. Furthermore, Mg
2+

 

has been reported as lowering 𝜏𝑐 as well [28], and this appears to directly contradict the trend. 

Another possible explanation is the ratio of ionic radii of the dopant to the V
4+

, but again the 

trend is not consistent for all dopants. The cause of the confusion may be due to combined 

effects such as the form of the material (i.e. bulk monocrystalline versus thin film), residual 

stress, non-stoichiometry, grain size and more. 

 

Fig. 1.4. Energy band diagram for VO2 adapted from Wooten [29]. 

 

Doping VO2 with Mg has been reported to increase the luminous transmittance of the 

material [28]. The mechanism for this is thought to be related to the energy band structure, which 

is shown in Fig. 1.4. As indicated in the figure, vanadium(IV) oxide has multiple band gaps. 

Eg1 

d 

π* 

O 2p 

EF 

d 

Eg2 
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Doping the structure with Mg may increase the second band-gap while leaving the first relatively 

constant. This is favorable for window coating applications because it increases the luminous 

transmittance [28]. An additional challenge that was identified through the course of this work is 

the diffusion of Na from soda lime glass into the film. This issue is discussed in detail and a 

practical solution for it is presented in Ch. 3. 

1.4 Low Emissive Films 

The purpose of VO2 in this dissertation is to modulate the near-IR region of solar irradiance 

depending on the temperature of a built environment. It is also proposed that the energy 

efficiency of VO2 can be enhanced by adding a low-emissive (low-E) layer which controls 

radiation in the “thermal” (mid-IR) region. The underlying principles of low-E coatings are as 

follows. Kirchhoff’s radiation law states that the absorptance (𝛼) of a perfect black-body is equal 

to its emissivity (𝜀) at a given wavelength. Now consider the conservation of energy for an 

irradiated surface: 𝛼 + 𝜌 + 𝜏 = 1, where 𝜌 is reflectivity and 𝜏 is transmittance. For an opaque 

material 𝜏 is approximately zero. Furthermore since 𝛼 = 𝜀, a high value of 𝜌 is needed for a low-

E surface. Stated simply, materials with high reflectivity possess low emissivity. 

The solar and ambient thermal spectra can be controlled independently because their log-

normal distributions peak at different wavelengths (0.5 and 10 μm, respectively). These 

distributions were calculated using the Planck equation for black-body radiation and the results 

are shown in Fig. 1.5. The figure shows clearly that the two distributions can be controlled 

independently using suitable materials. 
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Fig. 1.5. Planck distributions for black-bodies at 5780 and 298 K, respectively. 

When designed properly, low-E coatings possess high reflectance in the mid-IR and high 

transmittance in the visible region. One class of materials which exhibits these characteristics is 

transparent conducting oxides (TCOs). Other materials such as a thin film (i.e. 10 nm) of Ag can 

also be used, but then the layer must be sealed in an inert environment. Thus TCOs are both a 

high-performing and a more convenient option. A specific example is (SnO2)x(In2O3)1-x, 

commonly referred to as ITO glass. A representative schematic of the coating is shown in Fig. 

1.6. ITO glass has particularly favorable properties for the low-E application due to its 

exceptional luminous transmittance and mid-IR reflectance [30]. 

 
Fig. 1.6. Schematic of ITO as a low-E coating. 

In2O3·(SnO2)x (155 nm)

Glass (1.1 mm)

0.55 μm 10 μm
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1.5 Research Objective 

The over-arching goal of this work is to combine anti-reflective, thermochromic and low-E 

materials into a multilayer design with excellent energy-efficient properties across the UV, 

visible, and IR spectra. A schematic of the design is shown in Fig. 1.7. In the figure, t and d 

denote thickness and grain size, respectively. A layer thickness of 100 nm was chosen for VO2 

because it was found to produce a favorable combination of luminous transmittance and 

thermochromism. The 100 nm grain size limit is utilized because research has shown that 𝜏𝑐 can 

be reduced by limiting the grain size of VO2 [18]. The 34 nm TiO2 thickness was obtained by 

numerically optimizing the design for minimum reflectance in the visible region. More details on 

the optimization will be provided in Ch. 5. A 155 nm ITO layer is shown in Fig. 1.7 because this 

material was purchased from a manufacturer and this is the as-received thickness of the coating. 

Detailed discussion and results for the multilayer system will be presented in Ch. 5. The 

integration of these optical properties into a multilayer system is a significant step forward in 

energy-efficient coatings for windows in built environments. 

 
Fig. 1.7. Schematic of [ITO / VO2 / TiO2] multilayer system. 

TiO2 (34 nm)

VO2 (t  = 100 nm, d  < 100 nm)

In2O3·(SnO2)x (155 nm)

Glass (1.1 mm)

0.55 μm 1 μm

Below   

Above   10 μm
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1.6 Organization of this Dissertation 

Following this introduction, three chapters on individual layers of TiO2 and VO2 are 

presented. The work in Ch. 2 shows that the mechanical properties of TiO2 can be controlled 

independently of the optical and electrical properties by varying synthesis temperature. This 

knowledge is important because TiO2 is often used as the outer-most layer in optical devices 

including the thermochromic smart window investigated in this work. In Ch. 3, it is shown that 

substrate composition can have a very strong impact on the structure and properties of vanadium 

oxide thin films. Sodium (Na) in the glass can undesirably inhibit thermochromism; however, 

replacing half of the Na with potassium (K) suppresses the Na diffusion and promotes the 

nucleation of pure VO2 with superior thermochromism. The work in Ch. 4 shows that the 

transition temperature of VO2 can be lowered from 50 to 45 °C by reducing the effective grain 

size of the film from 70 to 31 nm. In Ch. 5, the multilayer system will be discussed in greater 

detail. The results show that low-E, thermochromic, and anti-reflective properties can be 

integrated into a single multilayer system. Furthermore, the transition temperature of the 

multilayer system can be controlled using the grain size approach investigated in Ch. 4. 
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2 Coupled Effects of Deposition and Annealing Temperatures on 

Optical, Electrical and Mechanical Properties of Titanium Oxide 

Thin Films 

2.1 Overview 

In this study the influence of deposition temperature and a post-deposition annealing process 

on the optical, electrical, mechanical, and tribological properties of titanium oxide thin films was 

investigated. Based on high-resolution XPS, it was observed that the films became more metallic 

as the deposition temperature was raised from 15 to 450 °C. Moreover, the mechanical and 

tribological properties of the film deposited at 450 °C were at least 50% greater than for the film 

deposited at 15 °C. After annealing at 450 °C for 30 mins in air, the films all became transparent 

and insulating. However, the annealing process had mixed effects on the mechanical and 

tribological properties such that the 15 and 250 °C films softened, but the 450 °C film hardened. 

This mixed trend is attributed to the different as-deposited film stoichiometries. The results show 

that the coupled effects of deposition temperature and post-deposition annealing are quite 

complex and that the mechanical properties of TiO2 thin films can be controlled independently of 

their optical and electrical properties. This is important because TiO2 coatings are often used as 

the outer-most layers in optical devices. 
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2.2 Introduction 

Titanium(IV) oxide, also referred to as titania, is an important dielectric material with 

applications in optics, catalysis, and many other areas [31-37]. The thin film form of TiO2 is 

particularly useful due to its high refractive index, photocatalytic functionality, hydrophilicity, 

and durability [31, 32, 38, 39]. There are numerous approaches for producing TiO2 thin films 

which fall into categories comprising chemical vapor deposition (CVD), plating, sol-gel, and 

physical vapor deposition (PVD) [38, 40, 41]. One type of PVD, magnetron sputtering, is 

suitable for producing dense and smooth films with high purity [18]. Stoichiometric TiO2 targets 

can be sputtered with an RF-powered plasma, or metallic Ti targets can be reactively-sputtered in 

a mixed environment of inert gas and O2 using either RF or DC power [42-44]. 

Although the primary function of titania films is typically not structural, the mechanical and 

tribological properties of the material are nevertheless critical for system performance and 

reliability. This is especially true considering that TiO2 films are often used as the outer-most 

layers in optical applications such as anti-reflective coatings [31]. The mechanical properties of 

TiO2 films deposited on unheated substrates are well known and documented [45-48]. However, 

fewer studies have been performed on titania films grown at elevated temperatures. One study 

showed that increasing the deposition temperature from 25 to 300 ºC increased the wear 

resistance of the coatings [39]. Another study reported that the strength of room temperature-

deposited TiO2 films could be increased by annealing them at 300 ºC [49]. An earlier paper by 

Mayo et al. showed that the strength of nanophase titania could be increased by sintering the 

material at up to 900 ºC [50]; however, it should be noted that this is a different form of the 

material compared to the continuous thin film form of TiO2. These studies raise the question 

“What is the interplay and combined effect of both elevated deposition temperature and post-

deposition annealing on the mechanical and tribological properties of titanium oxide thin films?” 
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This seemingly simple question is actually non-trivial due to complex mechanisms such as film 

densification, grain growth, residual stress, non-stoichiometry, and more. 

To answer the aforementioned question, titanium oxide thin films were deposited with three 

different substrate temperatures and subsequently annealed in air. The chemical composition and 

optical, electrical and mechanical properties of the films were systematically characterized. It 

was found that the mechanical and tribological properties of the samples improved by 50% or 

more as the deposition temperature was raised from 15 to 450 °C. This was attributed to film 

densification. The post-deposition annealing process had mixed effects on the mechanical 

properties, such that the 15 and 250 °C films softened but the 450 °C film hardened. These 

mixed effects were attributed to stoichiometric differences at the start of the annealing process 

(the 450 °C film was more metallic), as well as a reduction in the residual stresses in the films. 

The results show that the combined effects of deposition temperature and post-deposition 

annealing are quite complex and that the mechanical properties of TiO2 thin films can be 

controlled independently of their optical and electrical properties. 

 

2.3 Experimental Procedure 

Thin titanium oxide films were deposited on 1 mm thick glass substrates by reactively 

sputtering a 99.995% pure Ti target (50.8 mm diameter × 6.35 mm thickness) in a mixed Ar + O2 

environment using an Orion 5 UHV magnetron sputtering system (AJA International, Inc.). The 

films were deposited at substrate temperatures of 15, 250, and 450 °C, respectively, using a PID 

controller with feedback from a Type K thermocouple. The deposition power was 150 W and the 

distance between target and substrate was approximately 130 mm. Ar and O2 flow rates were 20 

and 1 sccm, respectively, and absolute deposition pressure was 1.16 Pa. These conditions 
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resulted in a deposition rate of approximately 7.33 nm·min
-1

. Each of the deposition processes 

was carried out for 75 mins, which resulted in a nominal film thickness of 550 nm. The process 

was controlled carefully since the structure and properties of reactively-sputtered thin films are 

known to rely strongly on the processing conditions [51]. After deposition, samples were 

annealed in quiescent air at 450 °C for 30 mins using a Barnstead Thermolyne 47900 furnace. 

The 450 °C annealing temperature was chosen based on a series of parametric studies. This 

temperature was found to be high enough to induce the amorphous-to-crystalline transition of the 

titanium oxide film, yet still below the melting temperature (700 ºC) of the glass substrate. 

The thickness of the films was measured using the scanning probe microscopy (SPM) 

function of a Ubi1 nanomechanical test instrument (Hysitron, Inc.). The chemical compositions 

of the samples were characterized with high-resolution X-ray photoelectron spectroscopy (XPS) 

using a Surface Science Instruments S-Probe. Monochromatic Al Kα was used as the radiation 

source for XPS, and the data was analyzed with CasaXPS 2.3.15. The spectra were corrected by 

setting the C 1s binding energy at 284.6 eV, which is a standard practice for XPS analysis [52]. 

Microstructures of the samples were characterized with X-ray diffraction (XRD) using a 

Bruker D8 Discover with GADDS. Cu Kα was used as the radiation source for XRD, and data 

was collected from 2θ of 15 to 70°. Naturally-fractured cross sections of the samples were 

characterized with a Sirion FEI scanning electron microscope (SEM) in secondary electron 

detection mode. This technique elucidated the microstructure and also provided a means to verify 

the thickness of the films. Optical transmittance was obtained with UV-Vis-NIR 

spectrophotometry using a Varian Cary 5000. The measurement was performed between 

wavelengths of 250 and 2500 nm. Electrical resistivities of the samples were determined with the 

4-point probe technique using a Keithley 2400 SourceMeter and 2182 NanoVoltmeter. Electrical 
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contacts were connected to the films with silver paste. Nanoindentation and nanoscratch 

characterizations were performed on the films using a Hysitron Ubi1 nanomechanical test 

instrument. The procedure in this work enabled a systematic study of the influence of synthesis 

temperature on the composition and microstructure, and optical, electrical, and mechanical 

properties of reactively-sputtered titanium oxide thin films. 

 

2.4 Results and Discussion 

The compositions of the titanium oxide films were determined with high-res XPS, and the 

results are shown in Fig. 2.1. All films are shown to have a TiOx composition, and x was 

observed to decrease as the deposition temperature was raised from 15 to 450 °C. This can be 

seen in Fig. 2.1 as the percentage of Ti
3+

 increased from 0 to 15% due to the increase in 

deposition temperature. The stoichiometries of the as-deposited films were approximately TiO2, 

TiO1.96 and TiO1.92, respectively based on the deconvolution of the Ti 2p3/2 binding energy into 

Ti
4+

 and Ti
3+

 curves. The reason for the increase in metallic content may have been an increase 

in sputter rate associated with a decrease in target poisoning. During reactive sputtering, an 

insulating layer builds up on the surface of the target which results in a decreased sputter rate. 

This effect is known as target poisoning, and in the current study it appears to have been 

somewhat offset by the increase in deposition temperature. Following the deposition process, the 

films were annealed in air and fully oxidized into TiO2. This can be inferred from Fig. 2.1 since 

the percentage of Ti
3+

 of each of the annealed films was 0%. 
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Fig. 2.1. XPS spectra for as-deposited and annealed TiOx films. 

 

The XRD results shown in Fig. 2.2 reveal that the as-deposited films were all amorphous. 

After annealing the films crystallized into the anatase TiO2 structure (space group 𝐼 41 𝑎⁄ 𝑚 𝑑; 

no. 141) [53, 54], although the intensity of the XRD peaks was inversely related to the deposition 

temperature. Additionally, several anatase peaks were observed for the 15 °C-dep/450 °C-ann 

film that were not observed for the films deposited at 250 and 450 °C. The reason for this inverse 

relationship may have been the suboxide stoichiometry reported in Fig. 2.1. The 15 °C film 

needed energy only to crystallize, whereas the 450 °C film needed energy to both oxidize and 

crystallize. Thus the 450 °C sample would have required more time to obtain both the 

stoichiometry and microstructure of the low temperature film. 
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Fig. 2.2. XRD spectra for as-deposited and annealed TiOx films. 

 

Naturally-fractured cross sections of the TiOx films were characterized with SEM, and the 

results are shown in Fig. 2.3. The images confirm that the thickness of the films was 

approximately 550 nm. All three as-deposited samples consisted of high aspect ratio nanoclusters 

perpendicular to the substrate. Fine voids were also present in the structures, although in general 

the films were uniform and smooth. After annealing, the 15 °C film transitioned to a somewhat 

equiaxed state, whereas the 250 and 450 °C films retained their columnar-like structures. 

After characterizing the composition and structure of the films, the optical transmittance and 

band gaps were determined with UV-Vis-NIR spectrophotometry. It was observed that the 

transmittance of the samples decreased with increasing deposition temperature, as shown in Fig. 

2.4(a). After annealing, the films became fully transparent in the visible and near-IR regions, 

which is shown in Fig. 2.4(b). The reason for this increased transmittance is the oxidation and 

crystallization that occurred during the annealing process. Optical band gaps, 𝐸𝑔, of the samples 

were determined using the following relationship: 

𝛼ℎ𝜈 = 𝛼0(ℎ𝜈 − 𝐸𝑔)
2
     (2.1) 
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where 𝛼 is the measured absorption coefficient from the UV-Vis-NIR measurement, ℎ is 

Planck’s constant, 𝜈 is the frequency of the light, and 𝛼0 is a material-specific constant [55]. 𝐸𝑔 

was calculated by plotting √𝛼 versus photon energy (ℎ𝜈) and extrapolating a linear fit at the 

spike in absorption. A representative plot is shown in Fig. 2.5 for the 15 °C-dep/450 °C-ann 

sample. The band gap of the sample is calculated to be approximately 3.38 eV, which means that 

it is transparent in the visible region (3.1 to 1.7 eV) but opaque in the UV (5.0 to 3.1 eV). These 

optical properties are characteristic of crystalline TiO2. Band gaps for each of the films are 

provided in Table 2.1. The results show that 𝐸𝑔 decreased from 3.23 to 2.82 eV as the deposition 

temperature was raised from 15 to 450 °C. The narrower band gaps of the 250 and 450 °C 

samples were attributed to the suboxide stoichiometries shown in Fig. 2.1. After annealing, the 

films reached complete TiO2 stoichiometry and the band gap of each sample was greater than 

3.18 eV. Thus each annealed film was fully transparent in the visible region. 
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Fig. 2.3. SEM images of TiOx films before annealing (a, c, e) and after annealing (b, d, f) at 450 

°C for 30 mins in air. The 500 nm scale bar applies equally for each image. 

  

 a) 15°C  b) 15°C, 450°C 
     

 c) 250°C  d) 250°C, 450°C 
     

 e) 450°C  f) 450°C, 450°C 
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Fig. 2.4. Optical transmittance of TiOx films before annealing (a) and after annealing (b). 
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Fig. 2.5. Representative linear extrapolation technique used to determine band gaps of TiOx 

films. 

 

Table 2.1. Optical band gaps of TiOx films before and after annealing. 

        

  TiOx Film Eg (eV)   

  15 °C-dep. 3.23   

  250 °C-dep. 3.22   

  450 °C-dep. 2.82   

  15 °C-dep., 450 °C-ann. 3.38   

  250 °C-dep., 450 °C-ann. 3.30   

  450 °C-dep., 450 °C-ann. 3.18   
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The trend of decreasing oxidation with increasing deposition temperature was supported 

through electrical resistivity characterizations, as shown in Fig. 2.6. Based on four-point probe 

measurements, the resistivity of the samples decreased four orders of magnitude from 20000 to 1 

Ω·cm as the deposition temperature was raised from 15 to 450 °C. These results show that the 

reduction of the Ti
4+

 in the film caused a significant increase in conductivity. After annealing, 

the resistivity of each film was at least 20000 Ω·cm. This large value of resistivity is consistent 

with the wide optical band gaps reported in Table 2.1, and therefore each film was both 

transparent and insulating after annealing. 
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Fig. 2.6. Electrical resistivity of TiOx films obtained with 4-point probe technique. 

 

One of the primary goals of this work was to determine how synthesis temperature affects the 

mechanical properties of titanium oxide thin films. To answer this question, the reduced modulus 

and hardness of the samples were determined with nanoindentation using a Hysitron Ubi1 

nanomechanical test instrument. An array of 16 indents per sample was performed with a 

Berkovich tip. The loading function was a 10-5-10 sec trapezoidal routine. The loading range 
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was 150 to 750 μN, which resulted in an indentation depth of up to 80 nm. This depth was 

approximately 15% of the 550 nm film thickness. The mechanical properties were determined 

using the method of Oliver and Pharr [56]. Briefly, the reduced modulus (𝐸𝑟) was measured by 

taking the slope of the upper portion of the unloading curve, as described by Eqn. (2.2). Here 

𝑆 = 𝑑𝑃 𝑑ℎ⁄  is the measured stiffness from the unloading curve, 𝑃 is the indentation load and ℎ is 

the indentation depth. 

𝐸𝑟 =
𝑆

2
√

𝜋

𝐴
=

1

2
√

𝜋

𝐴
(
𝑑𝑃

𝑑ℎ
)     (2.2) 

The reduced modulus is related to the sample and indenter properties as shown below in Eqn. 

(2.3). 

1

𝐸𝑟
=

1−𝜈2

𝐸
+

1−𝜈𝑖
2

𝐸𝑖
     (2.3) 

The properties 𝜈 and 𝐸 are Poisson’s ratio and the elastic modulus of the specimen. The 

properties of the diamond nanoindenter tip, 𝜈𝑖 and 𝐸𝑖, are 0.07 and 1140 GPa, respectively. 

Sample hardness (𝐻) is determined by dividing the maximum load by the contact area, as shown 

in Eqn. (2.4). 

𝐻 =
𝑃𝑚𝑎𝑥

𝐴
      (2.4) 

The nanoindentation results, provided in Fig. 2.7, show that the mechanical properties 

increased significantly as the deposition temperature was raised from 15 to 450 °C. 𝐸𝑟 increased 

from 79 ± 10 to 109 ± 5 GPa and 𝐻 increased from 3.2 ± 0.3 to 6.2 ± 0.3 GPa. The reason for 

this strengthening may have been an increase in film density due to the higher synthesis 

temperature. Post-deposition annealing had mixed effects on the mechanical properties of the 

samples. The modulus of the 15 and 250 °C films decreased by 2 GPa and the hardness 

decreased by about 1 GPa after the samples were annealed. This reduction in strength may have 
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been the result of relaxation in residual stresses from the deposition process. By contrast, 𝐸𝑟 

increased for the 450 °C film to 126 ± 15 GPa and 𝐻 increased to 7.0 ± 1.4 GPa. The increase in 

strength for the 450 °C sample may have been due to the increased oxidation shown in Fig. 2.1. 

The mixed effects of the annealing process are most likely due to the different initial 

stoichiometries of the TiOx films. The compositions of the as-deposited films were 

approximately TiO2, TiO1.96, and TiO1.92, based on the high-res XPS results shown in Fig. 2.1. 

Since the 450 °C film (TiO1.92) required the most time for oxidation and crystallization, it may 

not have had sufficient time in the annealing process to undergo the relaxation mechanisms of 

the 15 °C (TiO2) and 250 °C (TiO1.96) films. 
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Fig. 2.7. Reduced modulus (a) and hardness (b) of films before annealing (solid) and after 

annealing (cross-hatched). 

 

Wear resistance of the samples was characterized by performing nanoscratch tests on the film 

surfaces. A constant load of 500 μN was applied as the Berkovich tip translated 8 μm across the 

films. Each sample was tested 3 times. SPM topographies of the scratches, shown in Fig. 2.8, 

agree very closely with the hardness results presented in Fig. 2.7(b). Wear resistance increased 

with deposition temperature, and then the post-deposition anneal had mixed effects on the 
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tribological properties. The 450 °C-dep/450 °C-ann film had the best wear resistance of all of the 

samples. Scratch profiles along the scratch direction are provided in Fig. 2.9. The results show 

that the scratch depth was 32 nm for the 15 °C film but only 13 nm for the 450 °C film. After 

annealing, the scratch depth increased to 42 nm for the 15 °C film, but was nearly constant at 15 

nm for the 450 °C sample. In addition to wear resistance, the coefficient of friction (𝜇𝑘) was 

determined from the scratch tests. 𝜇𝑘 is defined as the ratio of the lateral to normal force. The 

results, presented in Fig. 2.10, show that 𝜇𝑘 decreased from 0.29 ± 0.03 to 0.17 ± 0.02 as the 

deposition temperature was raised from 15 to 450 °C. The coefficient was relatively unchanged 

after annealing, when uncertainty is taken into account. The scratch tests show that the 450 °C-

dep/450 °C-ann film had the best tribological (wear resistance and coefficient of friction) 

properties in this study. 

In summary, the effect of synthesis temperature on the composition and structure, and 

optical, electrical, and mechanical properties of reactively-sputtered titanium oxide thin films has 

been systematically investigated. Raising the deposition temperature did not result in a 

crystalline TiO2 sample, but instead reduced x in TiOx. This was attributed to decreased target 

poisoning during the reactive sputter deposition process. The reduced oxidation resulted in 

decreased film transmittance and resistivity. Modulus, hardness, and wear resistance were 

observed to increase with deposition temperature, and this was attributed to film densification. 

After annealing for 30 mins at 450 °C in air, each film became transparent and insulating, but the 

mechanical properties remained substantially (50% or more) different. These results show that 

the coupled effects of deposition temperature and post-deposition annealing can have a 

competing influence on the properties of titanium oxide thin films.  
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Fig. 2.8. SPM topographies of TiOx films after nanoscratch tests. 
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Fig. 2.9. Scratch profiles for constant load of 500 μN with Berkovich tip. 
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Fig. 2.10. Coefficient of friction for TiOx films based on nanoscratch tests. 

 

2.5 Conclusions 

In this study, the combined effects of deposition temperature and post-deposition annealing 

on the optical, electrical, mechanical, and tribological properties of titanium oxide thin films 

were investigated. Based on high-resolution XPS, it was determined that the films became more 

metallic as the deposition temperature was raised from 15 to 450 °C. Moreover, the mechanical 
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and tribological properties of the film deposited at 450 °C were at least 50% greater than for the 

film deposited at 15 °C. This difference was attributed to film densification. 

After annealing at 450 °C for 30 mins in air, the films all became transparent and insulating. 

However, the annealing process had mixed effects on the mechanical and tribological properties 

such that the 15 and 250 °C films softened, but the 450 °C film hardened. This mixed trend was 

attributed to the different as-deposited stoichiometries. The results show that the combined 

effects of deposition temperature and post-deposition annealing are quite complex and that the 

mechanical properties of TiO2 thin films can be controlled independently of their optical and 

electrical properties. By increasing synthesis temperature the material can be strengthened. 

However, the results also show that post-deposition annealing can have a potentially deleterious 

effect on the mechanical properties and should therefore be monitored and controlled carefully. 

This knowledge is important because TiO2 coatings are often used as the outer-most layers in 

optical devices. 
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3 Influence of Na Diffusion on Thermochromism of Vanadium 

Oxide Films and Suppression through Mixed-alkali Effect 

3.1 Overview 

Vanadium(IV) oxide possesses a reversible first-order phase transformation near 68 °C. 

Potential applications of the material include advanced optical devices and thermochromic smart 

windows. In this study, vanadium oxide films were grown on three types of glass substrates 

using reactive DC magnetron sputtering and were then annealed in air. The substrates were 

characterized with energy-dispersive X-ray spectroscopy, and the films were characterized with 

X-ray photoelectron spectroscopy, X-ray diffraction, scanning electron microscopy, atomic force 

microscopy, transmission electron microscopy, and UV-Vis-NIR spectrophotometry. The results 

show that the composition of the substrate has a major impact on the microstructure and optical 

properties of the deposited films. Sodium (Na) in the glass can undesirably inhibit 

thermochromism; however replacing half of the Na with potassium (K) suppresses the Na 

diffusion and promotes the nucleation of pure VO2 with superior thermochromic functionality. 

The improved performance is attributed to the mixed-alkali effect between Na and K. These 

findings are both scientifically and technologically important since soda (Na2O) is an essential 

flux material in glass products such as windows. 
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3.2 Introduction 

Vanadium(IV) oxide possesses a reversible first-order phase transformation near 68 °C [11]. 

Below the critical temperature, 𝜏𝑐, it is semiconducting with a monoclinic structure and above 𝜏𝑐 

it converts to a rutile tetragonal structure with metallic characteristics [12]. Optical, electrical, 

magnetic, and mechanical properties change abruptly at the transition temperature [13, 15-17]. 

Potential applications of the material include advanced optical devices and thermochromic smart 

windows [6, 7, 19, 20, 57]. Synthesis of the material commonly requires temperatures exceeding 

200 °C [6, 7, 27, 58-62]. In the literature, VO2 films have typically been deposited on fused 

quartz (high purity SiO2), monocrystalline Si, or other substrates that are not favorable for 

widespread usage of the material [7, 27, 58-61]. Common glass substrates have generally been 

avoided so as to prevent the diffusion of sodium into the vanadium oxide films, and when this 

diffusion has been observed it was neither investigated in detail nor was a solution proposed for 

its suppression [63]. In some cases a diffusion barrier layer has been deposited on the substrate 

prior to the VO2 layer [27], but again this restriction is not ideal for many applications. For 

practical usage of the material in the thin film form, inexpensive, visibly-transparent and 

thermally-stable substrates are needed. 

In this work it is shown that synthesis temperatures exceeding 200 °C are sufficient to 

activate the diffusion of sodium (Na) from common soda-lime glass substrates into vanadium 

oxide films. The resulting NaxV2O5 material lacks the thermochromic properties that make VO2 

attractive for smart windows and other applications. However, Na diffusion is suppressed by 

replacing half of the Na with potassium (K) and taking advantage of the mixed-alkali effect 

between these ions. The VO2 film grown on this type of glass has the desired thermochromism, 

and its properties match or exceed those of the control sample on fused quartz. This finding is 
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scientifically and technologically important because soda (Na2O) is an essential flux material in 

common glass products such as windows. 

 

3.3 Experimental Procedure 

Three types of glass were selected for growing vanadium oxide films: (1) silica-soda-lime 

(SL), (2) silica-potash-soda (PS) and (3) fused quartz (FQ). The thicknesses of the SL, PS and 

FQ substrates were 1.0 mm, 0.5 mm and 1.5 mm, respectively. The compositions of these 

materials were obtained using an FEI Sirion scanning electron microscope (SEM) equipped with 

energy-dispersive X-ray spectroscopy (EDS). Thin vanadium oxide films were deposited on the 

substrates by reactively sputtering a 99.9% pure vanadium target (50.8 mm diameter × 6.35 mm 

thickness) in a mixed Ar + O2 environment using an Orion 5 UHV magnetron sputtering system 

(AJA International, Inc.). The films were deposited while maintaining a substrate temperature of 

200 ± 5 °C using a PID controller with feedback from a Type K thermocouple. The deposition 

power was controlled at 100 W and the distance between target and substrate was approximately 

130 mm. Ar and O2 flow rates were 19 and 1 sccm, respectively, and absolute deposition 

pressure was 0.47 Pa. These conditions resulted in a calibrated deposition rate of 4.7 nm/min. 

The deposition process was controlled carefully since the structure and properties of reactively-

sputtered thin films are known to rely strongly on the processing conditions [64-66]. Following 

the deposition, samples were annealed in quiescent air at 365 °C for 30, 60 and 90 mins, 

respectively, using a Barnstead Thermolyne 47900 furnace. 

The thickness of the films was measured using the scanning probe microscopy (SPM) 

function of a Ubi1 nanomechanical test instrument (Hysitron, Inc.). The compositions of the as-

deposited and 90 min annealed samples were characterized with X-ray photoelectron 
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spectroscopy (XPS) using a Surface Science Instruments S-Probe. Monochromatic Al Kα was 

used as the radiation source for XPS, and the data was analyzed with CasaXPS 2.3.15. The 

spectra were corrected such that the C 1s binding energy was 284.6 eV, which is a standard 

practice for XPS analysis [67, 68]. Three spots per sample were characterized to allow for basic 

statistical analysis.  

Microstructures of the samples were characterized with X-ray diffraction (XRD) using a 

Bruker D8 Discover with GADDS. Cu Kα was used as the radiation source for XRD, and data 

was collected from 2θ of 15 to 70°. Naturally-fractured cross sections and surfaces of the as-

deposited and annealed samples were characterized with an FEI Sirion scanning electron 

microscope (SEM) in secondary electron detection mode. This technique provided details about 

microstructure and also served as a means to verify the thickness of the films. Surface 

morphologies were also characterized with a Veeco Dimension Icon-PT atomic force microscope 

(AFM) in acoustic AC mode (equivalent to tapping mode). The scan area was 1×1 μm
2
, and the 

data was analyzed with Bruker NanoScope Analysis 1.5. The microstructures of the samples 

were further probed using transmission electron microscopy (TEM) with an FEI Tecnai G2 F20. 

The instrument was also used to perform selected area electron diffraction (SAED). Optical 

transmittance was obtained with UV-Vis-NIR spectrophotometry using a Varian Cary 5000. The 

measurement was performed between wavelengths of 250 and 2500 nm at sample temperatures 

of 25 and 85 °C, respectively. Heat was supplied with a Peltier heat pump and the system was 

controlled using a PID controller with a type K thermocouple in contact with the sample. The 

characterization techniques used in this study provided the ability to detect impurities and 

determine their effects on the properties of the vanadium oxide films. 
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3.4 Results and Discussion 

Prior to depositing the vanadium oxide films, the compositions of the three types of 

substrates were analyzed using EDS. The results, provided in Table 3.1, show that the two 

common glass substrates (SL and PS) comprised a variety of oxides while the FQ substrate 

consisted of high purity SiO2. The primary constituents after SiO2 were Na2O and CaO for SL 

glass and K2O and Na2O for PS glass. In the following paragraphs, the diffusion of Na
+
 ion into 

the films will be emphasized because this impurity was detected in the top 5 nm of the 200 nm 

thick film on SL glass and it was found to have a strong impact on the structure and properties of 

the material. The atomic percentage of Na was 9.5, 4.2, and 0.0%, respectively, for the three 

different glass substrates. 

 

Table 3.1. Compositions of uncoated glass substrates from EDS analysis. SL, PS, and FQ denote 

soda-lime, potash-soda, and fused quartz, respectively. 

            

     SL  PS  FQ   

    At.% At.% At.%   

  O 59.2 60.6 66.9   

  Si 25.6 23.6 33.1   

  Na 9.5 4.2  -   

  Ca 2.4  -  -   

  Mg 2.2  -  -   

  K 0.5 5.2  -   

  Al 0.5 1.9  -   

  S 0.1  -  -   

  Zn  - 2.9  -   

  Ti  - 1.4  -   

  Sb  - 0.3  -   
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After the EDS analysis of the substrates, vanadium oxide films of up to 200 nm thickness 

were then deposited under the conditions described in Section 2, and the film composition was 

analyzed using XPS.  

Fig. 3.1 shows the XPS spectra for the 200 nm thick as-deposited and 90 min annealed films 

synthesized on all three substrates. Besides the expected V and O elements, the films on PS glass 

and FQ possessed nearly zero impurities, except for carbonaceous contamination possibly from 

the vacuum pump oil, and a negligible amount of Si on PS. However, a notable Na 1s peak was 

detected for the sample on SL glass indicating Na diffusion from the SL substrate throughout the 

entire 200 nm thickness of the film. A detailed view of this region is shown in Fig. 3.2(a) and the 

normalized Na atomic percentages are shown in Fig. 3.2(b). From XPS it was determined that 

the atomic percentage of Na in the top 5 nm (approximate characterization depth of XPS) of the 

as-deposited films on SL was already 2.6%. This shows that the 200 °C deposition temperature 

was clearly sufficient to activate the diffusion of Na into the film. For the films grown on PS 

glass and fused quartz, the atomic percentage of Na was below the detection limit of 0.1 to 0.5 

at.%. After annealing for 90 mins at 365 °C, the Na content in the top 5 nm of the 200 nm thick 

film on SL glass increased to 7.5 at.%. This is a large fraction considering that the substrate itself 

only consisted of 9.5 at.% Na. By contrast, the films grown on PS glass showed almost no Na 

content before or after annealing.  

With the aim to gain more insights on Na diffusion along the film thickness direction, 

additional films with thicknesses of 25, 50, 100, 150 and 200 nm were synthesized and then 

characterized with XPS. It was assumed that the compositions of the thinner films were 

representative of the 200 nm film at the same depth; i.e. the composition of the 100 nm film was 

similar to the composition of the 200 nm film at half of its thickness. This assumption is justified 
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because the films are much thinner (0.1%) than the substrates on which they are grown, and the 

substrates serve as potential sources of impurities; i.e. sodium diffusion. Thus there is a sufficient 

availability of impurities from the substrate that the composition at the interface can be 

considered constant (Dirichlet boundary condition). This approach enabled a sodium 

concentration profile to be determined for the as-deposited and 90 min annealed samples, as 

shown in Fig. 3.3. Note that FQ samples are excluded since Na was not detected in any of those 

films. The Na content of the as-deposited films on SL glass ranged from 2.5 to 8.5% in a nearly 

exponential distribution. After annealing, the Na content of the SL samples was greater than 7 

at.% for each film thickness characterized; 25, 50, 100, 150 and 200 nm. For the films on PS 

glass, no Na was detected in the as-deposited samples. After annealing for 90 mins, only the  25 

and 50 nm thick films showed measurable Na content at 4.0 and 2.4 at.%, respectively. Therefore 

Na diffusion did occur for this substrate, but at a rate many orders of magnitude slower than that 

of the SL glass. The difference between the Na diffusivities of the SL and PS samples may be 

attributed to two reasons. First, the PS glass had a lower percentage of Na, which resulted in a 

smaller concentration gradient and driving force for diffusion. Second and more importantly, the 

PS glass comprised K2O which led to a mixed-alkali effect with Na2O. It has been reported in 

literature that the mixed-alkali effect changes alkali diffusivity in a non-linear fashion [69, 70]. 

The microstructures of the 200 nm thick as-deposited and annealed films were characterized 

with XRD and the results are presented in Fig. 3.4. The as-deposited films on all three substrates 

are shown to be amorphous, but measurable crystallinity was detected for all films after 

annealing. However, the composition and structure were different for the films on SL glass 

compared to those on PS glass and FQ. The film deposited on SL glass developed an 

orthorhombic NaxV2O5 structure (space group P21mn; No. 31) after annealing, as shown in Fig. 
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3.4(a). The films on PS glass and FQ crystallized into the desired monoclinic VO2 structure 

(space group P21/c; No. 14) with dominant peaks of (011) and (2̅11) as shown in Fig. 3.4(b) and 

(c). The preferred orientation of all the VO2 samples was (011), except for the 30 min 

annealed sample on PS glass which had a preferred orientation of (2̅11). The symbols in 

Fig. 3.4 correspond to reference data from the International Center for Diffraction Data [25, 71]. 

The XRD results show that sodium diffusion from SL glass can lead to the formation of a 

different microstructure compared to PS glass and FQ which do not have this effect.  

The compositional results from EDS and XPS analyses, as well as the crystallinity 

information from XRD enabled the development of an equation which could be used to describe 

the Na diffusion process. The data show that the sodium silicate chains in the SL glass 

decomposed somewhat as the synthesis temperatures (deposition and annealing) exceeded 200 

°C. This may have occurred because the ionic bond that holds Na to the silicate chains is 

relatively weak, and in turn the Na ionic mobility increases significantly with temperature. 

Furthermore, the vanadium oxide structure of the film is relatively open and readily 

accommodates the diffusion of the Na
+
 ion. The incorporation of this impurity induced an 

orthorhombic NaxV2O5 structure for the film on SL glass. Here: 0.19 ≤ x ≤ 0.57, which was 

calculated from the XPS results shown in Fig. 3.2(b). The equation that theoretically describes 

the nucleation of NaxV2O5 can be written as: 

2Na2O + 4VO2 + O2 → 2Na2-xO + 2NaxV2O5         (3.1) 

The left-hand side (LHS) corresponds to the condition where adatoms of vanadium oxide have 

been adsorbed to the SL substrate, but Na has not yet had time to diffuse into the film. The right-

hand side (RHS) corresponds to the as-deposited and annealed films. The compositions were 

directly calculated by XPS for the RHS, while the adatom composition of the LHS was inferred 
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based on the monoclinic VO2 films synthesized on PS glass and FQ (which were produced at the 

same time). The cause of the conversion from VO2 adatoms to the NaxV2O5 film appears to be 

the incorporation of the Na
+
 ion from the SL glass. This diffusion continues until the 

concentration gradient of Na equilibrates (x → 0.735 as Na content → 9.5 at.% which 

corresponds to the composition of the SL substrate) and the driving force vanishes. 

To further confirm the above postulations, the change in Gibbs free energy was calculated to 

check that the diffusion process is consistent with the laws of thermodynamics. For this purpose, 

the chemical reaction can be expressed as: 

  2Na2O + 4VO2 + O2 → 4NaVO3             (3.2) 

The product of Eqn. (3.2) was written as NaVO3 to simplify the thermodynamic calculations. It 

corresponds to the theoretical case of full conversion of reactants to sodium vanadate. The 

standard free-energy change (∆𝐺°) is calculated as: 

 ∆𝐺° = ∆𝐻° − 𝑇∆𝑆°             (3.3) 

where ∆𝐻° is the change in standard enthalpy, 𝑇 is the annealing temperature (638 K), and ∆𝑆° is 

the change in standard entropy. The standard free-energy change for the reaction (∆𝐺𝑟𝑥𝑛
° ) is fully 

expressed as: 

∆𝐺𝑟𝑥𝑛
° = {{4∆𝐻𝑓

°(𝑁𝑎𝑉𝑂3) − [2∆𝐻𝑓
°(𝑁𝑎2𝑂) + 4∆𝐻𝑓

°(𝑉𝑂2) + ∆𝐻𝑓
°(𝑂2)]} −

                                         𝑇{4𝑆°(𝑁𝑎𝑉𝑂3) − [2𝑆°(𝑁𝑎2𝑂) + 4𝑆°(𝑉𝑂2) + 𝑆°(𝑂2)]}}      (3.4) 

The values of the standard enthalpy of formation (∆𝐻𝑓
°) and standard entropy (𝑆°) were 

obtained from NBS (NIST) Tables of Chemical Thermodynamic Properties [72]. The resulting 

∆𝐺𝑟𝑥𝑛
°  is calculated to be −833 kJ ∙ mol−1. The negative value of ∆𝐺𝑟𝑥𝑛

°  indicates that this 

chemical reaction is spontaneous process in the forward direction at 365 °C. In other words, the 
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diffusion of Na observed in this work is consistent with the 2
nd

 Law of Thermodynamics because 

it results in an increase in the entropy of the universe and a reduction in Gibbs free energy. 
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Fig. 3.1. XPS survey spectra for the 200 nm thick as-deposited and 90 min annealed vanadium 

oxide films on the three different substrates. The “-AL” denotes an Auger Line, which was not 

used for this analysis. 
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Fig. 3.2. (a) Na1s region of XPS data for the as-deposited and 90 min annealed films on the three 

different substrates. (b) Atomic percentage of Na in the top 5 nm of the films based on XPS 

analysis. 
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Fig. 3.3. Sodium concentration as a function of film thickness for the as-deposited and 90 min 

annealed films on SL and PS glasses. The “0” thickness corresponds to the uncoated substrate. 
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Fig. 3.4. XRD spectra for the 200 nm thick as-deposited, and 30, 60, 90 min annealed films on: (a) SL glass showing clear NaxV2O5 

peaks after annealing, (b) PS glass showing VO2 (011) and (2̅11) peaks after annealing, and (c) FQ showing clear VO2 (011) peaks 

after annealing. Symbols correspond to reference data from ICDD [25, 71]. 
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Since grain size and shape can have an important influence on the properties of vanadium 

oxide thin films, this information was obtained using a scanning electron microscope. Naturally-

fractured cross sections of the 200 nm thick as-deposited and 90 min annealed films are shown in 

Fig. 3.5, and surface morphologies for the 200 nm thick as-deposited, and 30, 60, 90 min 

annealed films are shown in Fig. 3.6. The cross-sectional images verify that the thicknesses of 

the films are each 200 ± 10 nm. The images also show that the as deposited films are smooth and 

composed of nanoscale clusters. However, after annealing, the microstructure of the films 

became much coarser, particularly for the films on SL glass. The surface SEM images show 

more detailed microstructural evolution of the films from deposition to after annealing. For films 

on all three substrates, the fine clusters in the as-deposited films evolved into increasingly larger 

and rougher grains after annealing. For the films on SL glass, the grains appeared as nanomesas. 

The film on PS glass comprised spheroidal grains up to 60 mins of annealing, at which time 

nanorods grew from the base coating. The FQ sample had generally flat grains which coarsened 

after 60 mins and then partially coalesced at 90 mins. The SEM results in this work show that the 

substrate composition has profound effect on the morphology of the sputtered films and that a 

visibly coarser and rougher morphology is produced for the film grown on SL glass. 

The surface morphologies of the films were probed further through atomic force microscopy. 

The AFM results correspond well with the SEM characterizations. Topographies and root-mean-

square roughness (Rq) values of the 200 nm thick as-deposited and 90 min annealed films are 

shown in Fig. 3.7. Rq values were calculated from the 1×1 µm
2
 areas shown in the figure. The 

rms roughness of each sample is quite small, ranging between 1.7 and 4.3 nm; except for the 

annealed film on SL glass which had a much larger roughness of 21 nm. The topography is 

different from sample to sample, especially for the annealed cases. Compared to the PS and FQ 
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samples, the film on SL glass showed much rougher structures with peak-to-valley depth of over 

150 nm. In terms of feature size, the 90 min annealed films on PS glass and FQ had grains on the 

order of 50 nm, but the film on SL glass was much coarser with grains on the order of 150 to 200 

nm. This data quantitatively shows that the films on SL glass had a dramatically different 

morphology than those on PS glass and FQ. The XPS and XRD results shown in Fig.3.1 - 4 

elucidate that the rougher morphology is associated with the diffusion of sodium into the film 

and the formation of NaxV2O5 (x ≈ 0.57 for the 90 min annealed sample). 

It was also desired to know how the diffusion of Na into the vanadium oxide films affected 

the local crystallinity and microstructure. To gain this information, sample cross sections with 40 

nm in-plane (transverse) thickness were prepared using the focused ion beam (FIB) of an FEI XL 

830 Dual Beam FIB/SEM and then characterized with an FEI Tecnai TEM. Details of the sample 

preparation process can be found elsewhere [73]. TEM images of the cross sections are shown in 

Fig. 3.8(a) and (b). The results show that the interface between the NaxV2O5 film and the SL 

glass was more diffuse and less clear than the interface between the VO2 film and the PS glass. 

Also, clearer lattice fringes and crystallinity were detected for the VO2 film compared to the 

NaxV2O5 film. The formation of noticeable dark spots or nanoclusters can be seen in Fig. 3.8(a) 

which was apparently associated with the diffusion of sodium into the vanadium oxide film. 

HRTEM images of the samples are provided in Fig. 3.8(c) and (d). These images reinforce the 

observation that higher quality crystallinity was obtained for the VO2 on PS glass compared to 

the NaxV2O5 on SL glass. The film on SL glass comprised both crystalline and amorphous 

content with a relatively rough microstructure, whereas the film on PS glass had a very regular 

and periodic microstructure corresponding to monoclinic VO2. The NaxV2O5 on SL glass was too 

disordered to establish the orientation of the grains shown in Fig. 3.8(c), but the VO2 on PS glass 
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was sufficiently periodic for its orientation to be determined. The [011] and [2̅11] directions of 

the grain are indicated in Fig. 3.8(d). The drastic difference between the microstructures of the 

samples was due to the Na diffusion detected with XPS and reported in Fig. 3.3. Crystallinity of 

the samples was originally determined with XRD and was later verified using selected area 

electron diffraction (SAED). Representative SAED patterns are shown in Fig. 3.8(e) and (f). 

Less intense coherent diffraction was detected for the sample on SL glass due to its higher 

amorphous content. For the VO2 film on PS glass, some distinct spots were observed in the 

SAED pattern because the size of the grain characterized was on the order of 100 nm. Therefore 

the diffraction pattern had intermediate characteristics between mono- and poly-crystalline 

samples which produce spots and rings, respectively. Lattice spacings of the samples were 

identified and confirmed using reference files from the International Center for Diffraction Data 

[25, 71]. Only the (001) plane could be clearly identified for the NaxV2O5 on SL glass, however 

several planes could be identified for the VO2 on PS glass. Two important indices, (011) and 

(2̅11), are annotated in Fig. 3.8(f) for reference. These results confirm that PS glass is a much 

more suitable substrate than SL glass for producing high quality VO2 films. 

In the literature VO2 morphologies with grains varying in shape from spheroidal to worm-

like have been reported with dimensions on the order of 10 to 1000 nm [27, 60, 61]. A brief 

discussion of these studies is provided in the following sentences. H. Cui et al. used reactive DC 

magnetron sputtering to deposit VO2 films that had bar-shaped grains with dimensions from 60 

to 140 nm [74]. H. Zhang et al. reactively DC sputtered VO2 films with round to polygonal 

grains on the order of 40 to 100 nm [75]. M.J. Miller and J. Wang (the authors of the current 

study) reactively DC sputtered VO2 films with needle-like grains that coarsened from 30 to 70 

nm as annealing time increased from 30 to 75 mins [18]. M. Gurvitch et al. RF sputtered pure V 
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films and then oxidized them in O2. This technique, which they referred to as the “precursor 

oxidation process,” resulted in films comprising round grains varying in diameter from 50 to 200 

nm [76]. Melnik et al. reactively DC sputtered VO2 films with grains on the order of 20 nm 

based on the full-width half-maximum of the XRD peaks and the Scherrer’s equation [62]. 

Manning et al. used atmospheric pressure chemical vapor deposition to produce VO2 films with 

worm-like grains, which was an extreme case of the Volmer-Weber (island) growth mode [27]. 

In another study, J. Suh et al. used pulsed laser deposition (PLD) to produce round grains that 

coarsened from 50 to 200 nm as annealing time increased from 5 to 80 mins [61]. Other groups 

used the sol-gel method to deposit VO2 films with spheroidal grains from 50 to 200 nm in 

diameter [60, 77]. Z. Zhang et al. used a solution-based technique to deposit VO2 on SnO2:F 

(FTO) glass substrates [78]. By employing both SEM and TEM characterizations, the films in 

that study were shown to have round grains on the order of 100 nm. High quality crystallinity 

was observed through TEM and SAED characterizations. V. Morrison et al. also utilized TEM 

and SAED to characterize PLD-grown VO2 films with polygonal grains on the order of 100 to 

400 nm [79]. Taken as a whole, these studies show that the complex growth kinetics of VO2 

result in myriad morphologies, textures, and grain sizes. The common unifying aspect in each 

work is the monoclinic lattice of the semiconducting form and the rutile tetragonal lattice of the 

metallic form of vanadium(IV) oxide. 
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Fig. 3.5. Cross sectional SEM images of both as-deposited and 90 min annealed films on (a-b) 

SL glass, (c-d) PS glass, and (e-f) FQ. The scale bar applies equally to each image. The thickness 

of each film is confirmed to be 200 ± 10 nm. 
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Fig. 3.6. Surface morphologies of the 200 nm thick as-deposited, and 30, 60, 90 min annealed films on (a-d) SL glass, (e-h) PS glass, and 

(i-l) FQ.
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Fig. 3.7. Surface topographies of the 200 nm thick as-deposited and 90 min annealed films on (a-

b) SL glass, (c-d) PS glass, and (e-f) FQ, obtained with AFM in acoustic AC mode (equivalent to 

tapping mode). The scan area was 1×1 μm
2
. Root-mean-squared (Rq) surface roughness is 

provided in the lower left-hand corner of each image. 

(a)  SL, Dep. (b)  SL, 90 min 
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(e)  FQ, Dep. (f)  FQ, 90 min 
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Fig. 3.8. (a) TEM, (c) HRTEM and (e) SAED pattern for orthorhombic NaxV2O5 film on SL 

glass. (b) TEM, (d) HRTEM and (f) SAED pattern for monoclinic VO2 on PS glass. 
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UV-Vis-NIR spectrophotometry measurements. The transmittance spectra presented in Fig. 
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glass show significant thermochromism; the transmittance of the samples did not decrease 
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shown in Fig. 3.9(b) and (c). Also, the absorption edge of the films shifted from approximately 

370 nm before annealing to 470 nm after annealing, which resulted in a permanent color change 

from gray to light bronze. All annealed films on PS glass and FQ showed a significant amount of 

thermochromic functionality. The films on PS glass had the best overall performance in terms of 

luminous transmittance and IR modulation. 
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Fig. 3.9. UV-Vis-NIR spectra for 200 nm thick as-deposited (blue), 30 min annealed (green), 60 min annealed (orange), and 90 min 

annealed (purple) films on: (a) SL glass, (b) PS glass and (c) FQ, measured at 25 ºC (solid lines) and 85 ºC (dashed lines), 

respectively. 
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For thermochromic applications, it is highly desirable to know the critical transition 

temperatures, τc, of the samples. Therefore transmittance of the thermochromic VO2 films on PS 

glass was measured at a fixed wavelength of 2500 nm while the temperature was cycled between 

25 and 85 °C in 2 °C increments. The derivative of the transmittance with respect to temperature 

was calculated, and the point corresponding to the greatest magnitude of the derivative was 

defined as τc. Representative results for the 200 nm thick 90 min annealed film on PS glass are 

shown in Fig. 3.10. This characterization elucidates that the average (between cooling and 

heating) τc was approximately 55 °C for the samples in this study. In the literature it has been 

reported that τc for bulk monocrystalline VO2 is 67 to 68 °C, but it is also known that factors 

such as grain size, residual stress, percent crystallinity and impurities can affect the transition 

temperature substantially [7, 18, 61]. In the present study, the relatively low τc is attributed to the 

nanocrystalline structure. 
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Fig. 3.10. (a) Transmittance of 200 nm thick, 90 min annealed VO2 film on PS glass at a fixed 

wavelength of 2500 nm. (b) Derivative of transmittance loop with respect to temperature. The 

value at the maximum magnitude of the derivative is defined as the critical transition 

temperature, τc. 
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In summary, stable VO2 films with strong thermochromic properties were obtained on both 

PS glass and fused quartz after annealing. This is in contrast to the SL glass, which exhibited 

excessive Na diffusion and never yielded thermochromic films after annealing. The improved 

thermal stability of the PS glass is attributed to the mixed-alkali effect between Na and K ions. In 

the literature, the physical mechanism which causes the mixed-alkali effect is not well 

understood; however its existence is established [80, 81]. The results in this study show that by 

replacing half of the Na2O with K2O, the mixed-alkali effect makes the PS glass an excellent 

substrate for producing high quality thermochromic VO2 films. These findings are likely 

applicable for many other thin film materials on glass with synthesis temperatures exceeding 200 

°C. 

 

3.5 Conclusions 

In this work it was shown that synthesis temperatures exceeding 200 °C are sufficient to 

activate the diffusion of Na into vanadium oxide films deposited on common soda-lime glass. 

The resulting NaxV2O5 material does not possess the desired thermochromic functionality. 

However, Na diffusion was suppressed by replacing half of the Na with K and taking advantage 

of the mixed-alkali effect between these ions. The VO2 film grown on potash-soda glass had the 

desired thermochromism, and its properties matched or exceeded those of the control sample on 

fused quartz (pure SiO2). The results in this study show that the mixed-alkali effect is very 

beneficial for producing high quality VO2 films on glass substrates containing sodium. These 

findings are both scientifically and technologically important since soda (Na2O) is an essential 

flux material in glass products such as windows.  
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4 Influence of Grain Size on Transition Temperature of 

Thermochromic VO2 

4.1 Overview 

Vanadium(IV) oxide (VO2) is a unique material that undergoes a reversible phase 

transformation around 68 °C. The material could potentially be used as an energy-efficient 

coating for windows since its reflectance in the infrared (IR) increases significantly more than in 

the visible region. Currently VO2 is limited by a transition temperature (𝜏𝑐) that is too high, 

luminous transmittance that is too low or both. In this study a transition temperature of 45 °C is 

achieved for a reactively-sputtered, undoped film by restricting grain size to approximately 30 

nm. It is concluded that a higher density of grain boundaries (smaller grain size) provides a 

greater number of nucleating defects which in turn reduces 𝜏𝑐. Similarly, a higher density of 

grain boundaries may reduce the hysteresis width (difference between transition temperatures in 

heating and cooling). Also in this study a new set of optical performance metrics is proposed in 

which the solar spectrum is divided into the ultraviolet (UV), visible and near infrared (NIR) 

regions. This approach is more closely aligned with the goals of limiting UV, allowing luminous 

and modulating NIR transmission. Using these metrics, the optical properties of the low-𝜏𝑐 

sample were: 2% UV transmittance, 47% luminous transmittance and 23% NIR modulation 

(decrease from 43 to 33%). This study demonstrates that the grain size of VO2 should be viewed 

as an important parameter for controlling the transition temperature of the material. 
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4.2 Introduction 

Vanadium(IV) oxide or VO2 is a unique material that undergoes a reversible phase 

transformation around 68 °C [11]. Below the critical temperature, 𝜏𝑐, it is semiconducting with a 

monoclinic structure, and above 𝜏𝑐 it converts to a rutile tetragonal structure with metallic 

characteristics [12]. At the semiconducting-to-metallic transition (SMT), properties such as 

electrical conductivity, magnetic susceptibility, optical transmittance and mechanical stiffness 

change abruptly [13-18]. From a fundamental standpoint this is an interesting phase 

transformation with several details still being actively researched, and from an applications 

perspective there are numerous technologies that could benefit from such a material [19-24]. 

Given that its optical properties change significantly and reversibly with temperature, VO2 is 

a thermochromic material. Furthermore, its transmittance in the infrared (IR) region decreases 

substantially more than in the visible region when switched to the high-temperature metallic 

state. Since 𝜏𝑐 is relatively near room temperature, it is possible that a thin film of VO2 could be 

used as a smart window coating [6, 7, 57]. The current technical challenge for this material is 

achieving a transition temperature near 25 °C while still maintaining adequate luminous 

transmittance and IR modulation [6, 27]. Doping the material with impurities such as W or Cr 

has been shown to drastically reduce 𝜏𝑐; however there is generally a tradeoff such that as 𝜏𝑐 is 

reduced, luminous transmittance decreases, IR modulation decreases or both decrease [6, 27]. 

Previous work has indicated that there is a size effect in which the nanoscale form of the material 

has a lower 𝜏𝑐 than the bulk form [7, 11]. The exact cause of this is not well established, but it 

appears that a high density of grain boundaries disrupts the V-chains of the metallic form which 

has the effect of lowering 𝜏𝑐. A transition temperature near 55 °C for nanocrystalline, undoped 

VO2 has been reported by various researchers [7, 82]. In this work, 𝜏𝑐 is lowered to 45 °C by 
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reactively sputtering a 100 nm-thick film with a grain size of approximately 30 nm. No 

detrimental effect on luminous transmittance or IR modulation is observed. This result shows 

that VO2 grain size should be included in the suite of parameters for modifying the transition 

temperature of the material. Also in this study a new approach for calculating optical 

performance is proposed. The new method divides the solar spectrum into the ultraviolet (UV), 

visible, and near infrared (NIR) regions and then uses the air mass 1.5 and luminous efficiency 

spectra as weight functions for integration [83, 84]. Details of the calculation are provided in 

Section 4.3. The new method contributes insight into achieving the smart window goals of 

limiting UV, allowing luminous and modulating NIR transmittance. 

 

4.3 Experimental Procedure 

Thin VO2 films were deposited on glass by reactively sputtering a 99.9% pure vanadium 

target in a mixed Ar + O2 environment using an Orion 5 UHV magnetron sputtering system 

(AJA International, Inc.). The films were deposited while maintaining a substrate temperature of 

200 ± 5 °C using a PID controller with feedback from a Type K thermocouple. The coat time 

was 20 mins, the power was 100 W and the target diameter was 51 mm. The distance between 

target and substrate was approximately 130 mm. Ar and O2 flow rates were 19 and 1 sccm, 

respectively, and the absolute pressure was 0.47 Pa. The deposition process was controlled 

carefully since the structure and properties of reactively-sputtered thin films are known to rely 

strongly on the processing conditions. Following the deposition process, samples were annealed 

in quiescent air at 365 °C for 15, 30, 45, 60 and 75 mins, respectively using a Barnstead 

Thermolyne 47900 furnace. 
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The thickness of the deposited films was measured using the scanning probe microscopy 

(SPM) function of a Ubi1 nanomechanical test instrument (Hysitron, Inc.). The surface 

morphologies were characterized with an FEI Sirion scanning electron microscope (SEM) in 

secondary electron detection mode. The working distance for SEM was 5 mm, the accelerating 

voltage was 5 kV and the spot size was 3. Chemical compositions of the deposited and 75 min 

annealed films were determined with high-resolution X-ray photoelectron spectroscopy (XPS) 

using a Surface Science Instruments S-Probe. Monochromatic Al Kα was used as the radiation 

source for XPS, and the data was analyzed with CasaXPS 2.3.15. Optical transmittance of the 

samples was obtained with UV-Vis-NIR spectrophotometry using a Varian Cary 5000. The 

measurement was performed between 250 and 2500 nm at sample temperatures of 25 and 85 °C, 

respectively. Heat was supplied with a Peltier heat pump and the system was controlled with a 

PID controller and K Type thermocouple in contact with the sample. Once the data was 

collected, luminous transmittance of each sample was calculated using the following equation 

with the luminous efficiency function, 𝜑𝑙𝑢𝑚, from Sharpe [84] 

𝑇𝑙𝑢𝑚(𝜏) = ∫𝜑𝑙𝑢𝑚(𝜆)𝑇(𝜆, 𝜏)𝑑𝜆 / ∫𝜑𝑙𝑢𝑚(𝜆)𝑑𝜆     (4.1) 

where 𝜆 is the wavelength of the incident light, 𝜏 is the sample temperature and 𝑇 is 

transmittance. 𝑇𝑙𝑢𝑚 is essentially a weighted average of transmittance with respect to the 

luminous efficiency of the light-adapted eye. Next, averaged transmittance for solar radiation 

was calculated using the air mass (AM) 1.5 spectrum [85]. Previous researchers calculated a 

single solar transmittance value above and below 𝜏𝑐, and the difference between these two values 

was taken as the solar modulation [6, 86]. This parameter is useful for quantifying potential 

energy savings for a thermochromic smart window; however it is also inherently nonspecific 

with respect to the regions of solar light that are being modulated. Furthermore the solar and 
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luminous spectra peak at nearly the same wavelengths (between 500 and 550 nm). Therefore if 

100% total solar modulation is “achieved,” then no luminous transmission occurs and the 

thermochromic coating does not meet its stated design goal of allowing visible light into the built 

environment. In this study it is proposed that a more precise approach for calculating optical 

performance is to use the AM 1.5 spectrum for the UV and NIR regions individually. The 

corresponding domains of integration are 280 to 400 nm and 700 to 2500 nm, respectively. The 

domain for visible light is 390 to 830 nm, although effectively it is 400 to 700 nm since 𝜑𝑙𝑢𝑚 is 

less than 0.5% outside of this domain [84]. The design goals for the UV, visible and NIR regions 

are as follows. First, no UV transmittance is ever desired for the window coating since exposure 

to UV radiation can lead to the development of malignant melanoma in humans [87]. Second, 

100% visible or luminous transmittance is desired for daylighting purposes in the built 

environment. Third, 100% NIR modulation is desired to achieve maximum energy efficiency. 

The VO2 films in this study were analyzed using these metrics. 

After obtaining the transmittance of the films between 250 and 2500 nm, an additional 

measurement was performed in which the wavelength was fixed at 2500 nm and the temperature 

was cycled between 25 and 85 °C in 2 °C increments. This was done so that 𝜏𝑐 could be 

determined. The wavelength of 2500 nm was chosen because the optical behavior of the phase 

change is clearly observable at this wavelength. The derivatives of the fixed-wavelength 

transmittance curves were calculated and the greatest magnitude of the derivative was taken as 

𝜏𝑐. The films in this study were also characterized with X-ray diffraction (XRD) using a Bruker 

D8 Discover with GADDS. The system utilizes a two-dimensional detector with Cu Kα as the 

radiation source. Data was collected from 2θ of 23° to 57° with a step size of 0.005°, which is 

fine enough to detect the phase change from monoclinic to tetragonal [25, 88]. For each sample 
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XRD scans were performed at 25 °C, and for the thermochromic samples the XRD scan was 

repeated at a sample temperature of 95 °C. The heater used for this characterization was the 

Anton Paar DCS 350 Domed Cooling and Heating Stage. After XRD spectra were obtained, 

crystalline grain size was estimated using the full-width at half-maximum (FWHM) of the 

monoclinic (2̅11) peak and the Scherrer equation [25, 89] 

𝑑 =  
𝐾𝜆

𝛽 cos𝜃
      (4.2) 

where d is the grain size, K is a dimensionless shape factor assumed to be 0.9, 𝜆 is the 

wavelength of the radiation source (0.154184 nm), 𝛽 is the FWHM (in radians) and 𝜃 is the 

Bragg angle. The FWHM was measured using the built-in functions of the DIFFRAC.EVA 3.0 

software. 𝛽 was reduced by 0.00232 rad (0.133°) to account for the instrumental contribution to 

the measured FWHM. This value was estimated based on an LaB6 standard [90]. The 

characterization techniques used in this study provided the ability to draw correlations between 

the grain sizes and transition temperatures of the samples. 

 

4.4 Results and Discussion 

The thickness of the films was obtained with a Ubi1 nanomechanical test instrument 

following the annealing process. High film uniformity was achieved with the sputter deposition 

process and the resulting thickness was 100 ± 5 nm for each sample in this study. Note that the 

film thickness in practical smart window applications typically ranges from 25 to 100 nm. This 

design achieves the highest combination of luminous transmittance and IR modulation [6, 7]. 

Surface morphologies were characterized with SEM and representative micrographs are provided 

in Fig. 4.1. The figure shows that the as-deposited and 15 min annealed samples generally lacked 
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crystallinity. After 30 mins of annealing a more clearly defined spheroidal microstructure began 

to emerge, and after 45 mins a rod-like crystalline structure was obtained with dimensions on the 

order of ⌀ 30 × 80 (length) nm. The structures coarsened to roughly 40 × 100 nm after the 

annealing time reached 75 mins. In the literature, VO2 grains varying in shape from spheroidal to 

worm-like have been reported with grain dimensions from 10 to 1000 nm [27]. 

 

 

 

 

 

  

Fig. 4.1. SEM images of VO2 films: (a) as deposited and (b-f) annealed for 15, 30, 45, 60 and 75 

mins, respectively. Average grain dimensions for the samples are approximately: (c) ⌀ 30 nm, (d) 

30 × 80 nm, (e) 35 × 90 nm and (f) 40 × 100 nm. 
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In addition to surface morphologies, chemical composition data was desired to ensure that 

the samples comprised primarily VO2 and that they were not excessively oxidized after 

annealing. High-resolution XPS was performed to gain this information and the results are 

provided in Fig. 4.2. The results show that approximately 76% of the vanadium in the as-

deposited surface (top 10 nm) existed as V
4+

, and this percentage decreased to 67% after 

annealing for 75 mins. The remaining portion of V (24% and 33%, respectively) was present as 

V
5+

. The oxidation states were determined both from the V2p3/2 binding energy as well as the 

difference between the V2p3/2 and O1s binding energies. Taking the difference between these 

energies has been shown to be a favorable method for accurate chemical bonding state analysis 

[83]. Both techniques yielded the percentages shown in Fig. 4.2. This data elucidates that the 

sample surfaces consisted mostly of VO2 with a minor component of V2O5. Deeper into the films 

the percentage of VO2 was likely higher. Also, the deposited and 75 min annealed films 

represent the extremes of annealing time and therefore the other samples should fall within this 

range of stoichiometries. Later in this work, XRD data will be presented that shows the desired 

monoclinic VO2 structure was obtained. 
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Fig. 4.2. High-resolution XPS spectra for as-deposited and 75 min annealed VO2 films. 
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After the surfaces were characterized, optical transmittance was obtained with UV-Vis-NIR 

spectrophotometry. A representative transmittance spectrum is shown in Fig. 4.3 for the 45 min 

annealed sample. Data was collected at sample temperatures of 25 and 85 °C, respectively. Fig. 

4.3 shows that the NIR transmittance decreased significantly by raising the sample temperature 

above 𝜏𝑐, which indicates that thermochromism was achieved. The figure also shows that the 

transmittance of the sample was 35% at 500 nm and 58% at 570 nm for a sample temperature of 

25 °C. With these optical properties, the color of the 45 min annealed film was light bronze. The 

30, 60 and 75 min annealed samples were also light bronze; however the as-deposited and 15 

min annealed samples were gray in appearance. Once the transmittance data was obtained, Eqn. 

(4.1) was used to calculate the UV, luminous and NIR transmittances for the samples. The 

results, summarized in Fig. 4.4, show that luminous transmittance increased from 37% as-

deposited to 53% after annealing for 75 mins. Fig. 4.4 also indicates that the UV transmittance 

decreased from 22% as-deposited to 2% after annealing for 75 mins. This information shows the 

advantage of the optical performance metrics proposed in this work. The previous approach of 

calculating total solar transmittance would not have elucidated the decrease in UV transmittance 

observed in this study; yet this is a relevant piece of information given the design goal of limiting 

UV exposure for inhabitants in the built environment [6, 87]. Additionally, Fig. 4.4 shows the 

NIR transmittance for the samples measured at 25 and 85 °C, as well as the corresponding 

percent reduction by elevating the temperature above 𝜏𝑐. The figure shows that the NIR 

transmittance of the 30 min annealed sample decreased by 23% (from 43 to 33%). This is 

nontrivial given that 52% of the total solar irradiance is in the NIR [59]. As annealing time was 

increased to 75 mins, the NIR percent reduction decreased to 15% (from 47 to 40%). Thus it is 
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concluded that either the 30 or 45 min annealing time was optimum in terms of low UV 

transmittance, relatively high luminous transmittance and NIR modulation. 
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Fig. 4.3. Continuous UV-Vis-NIR transmittance for 45 min annealed VO2 film at 25 and 85 °C, 

respectively. 
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Fig. 4.4. UV, luminous and NIR transmittances for VO2 samples with respect to annealing time. 

The purple line with unfilled triangles denotes the percent reduction in NIR transmittance due to 

raising the sample temperature from 25 to 85 °C. The percent reduction is calculated by taking 

the difference between transmittance values at a given annealing time and then dividing by the 

value at 25 °C. Not shown on the plot is a 10% reduction in luminous transmittance; i.e. from 51 

to 47% for the 45 min annealed sample. The UV transmittance was unchanged when the sample 

was heated from 25 to 85 °C. 
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In addition to measuring transmittance from 250 to 2500 nm, it was also measured at a fixed 

wavelength of 2500 nm while the temperature was varied from 25 to 85 °C. This was done so 

that 𝜏𝑐 could be quantified by taking the derivative of transmittance with respect to temperature. 

A representative transmittance versus temperature plot is shown in Fig. 4.5(a) for the 45 min 

annealed sample, and the derivative of the curve is shown in Fig. 4.5(b). The results show a clear 

thermochromic transition with an average 𝜏𝑐 of 48 °C for the 45 min annealed sample. Hysteresis 

width in Fig. 4.5(b) can be determined by taking the difference between the critical transition 

temperatures in heating and cooling; thus the hysteresis width is approximately 8 °C for the 45 

min annealed sample. The results for this characterization, summarized in Fig. 4.6, show that the 

average 𝜏𝑐 increased from 45 to 50 °C as the annealing time increased from 30 to 75 mins. The 

corresponding hysteresis widths for these samples increased from 6 to 12 °C as the annealing 

time was increased from 30 to 75 mins. From Fig. 4.6 it is concluded that the 30 min annealing 

time was optimum for achieving the lowest 𝜏𝑐 (45 °C). 
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Fig. 4.5. (a) Transmittance of 45 min annealed VO2 film at fixed wavelength of 2500 nm. (b) 

Derivative of transmittance curve. The transition temperatures in heating and cooling are 

indicated on the derivative figure. 
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Fig. 4.6. Summary of transition temperature and effective grain size versus annealing time. Note 

the increase in both the average transition temperature and effective grain size as the annealing 

time is increased from 30 to 75 mins. 

 

The samples in this study were also characterized with XRD for two main reasons: first to 

verify that monoclinic VO2 was obtained, and second to enable quantitative estimation of grain 

size (qualitative estimation was achieved with SEM). The full set of XRD spectra are provided in 

Fig. 4.7. The underlying curvature shown in the figure is due to the glass substrate. The 

important features are the VO2 reflections indicated on the figure. The results show that the 

deposited and 15 min annealed films were amorphous, and the 30, 45, 60 and 75 min annealed 

films possessed the monoclinic VO2 structure. XRD scans were performed at sample 

temperatures of 25 and 95 °C, so that the phase transformation could be observed. Representative 

spectra are shown in Fig. 4.8 for the 45 min annealed sample. Fig. 4.8(a) shows that monoclinic 

reflections were obtained at 25 °C and rutile tetragonal reflections were obtained at 95 °C. 

Vertical lines in the figure correspond to reference data for VO2 [25, 88]. The change in 

diffraction angles associated with the SMT is quite subtle and therefore a detail view centered at 

2θ of 28° is provided in Fig. 4.8(b). The fact that the phase change from monoclinic to rutile was 



 

64 

reversible confirms that the desired thermochromic VO2 was produced. Once XRD peaks were 

obtained for the crystalline samples, effective grain size was estimated using the monoclinic 

(2̅11) plane and the Scherrer equation. In this work, the word “effective” is added to grain size 

since the crystallites are generally not spheroidal and therefore the length calculated by the 

Scherrer equation does not directly yield the grain dimensions. However, both the magnitude and 

coarsening trend of the calculated effective grain sizes roughly agree with the SEM 

morphologies shown in Fig. 4.1. The grain size results, summarized in Fig. 4.6, show that the 

effective grain size increased from 31 to 70 nm by increasing the annealing time from 30 to 75 

mins. Thus the 30 min annealing time resulted in the finest microstructure of crystalline VO2. 
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Fig. 4.7. XRD spectra for VO2 films on glass. The peaks indicated in the figure correspond to 

monoclinic VO2 [25]. 
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Fig. 4.8. XRD pattern of 45 min annealed VO2 on glass. The background has been subtracted to 

enable closer inspection of the VO2 peaks. (a) Overall view of data. (b) Detail view of 2θ = 28° 

from overall view. The separation between the peaks in the detail view indicates the reversible 

phase transformation from monoclinic to tetragonal rutile. The vertical lines correspond to 

reference data for VO2 [25, 88]. 

 

The data in this work display a trend where 𝜏𝑐 decreases concurrently with effective grain 

size and annealing time. Smaller grains result in a higher density of grain boundaries, and it 

appears that grain boundaries serve as nucleating defects which lower the activation energy 

required for the semiconducting-to-metallic transition. Furthermore, a high density of grain 

boundaries (small grain size) appears to reduce the hysteresis width of the transition. This is 

shown in Fig. 4.6 as a convergence between the transition temperatures in heating and cooling as 

the annealing time is reduced from 75 to 30 mins. 

In the literature, the exact role of grain size on hysteresis is somewhat controversial due to 

complicating factors such as defects within a grain, grain shape and the inherent uncertainty in 

experimental techniques used to quantify d and 𝜏𝑐 [75]. It is widely known and accepted that 𝜏𝑐 

of the bulk monocrystalline form of VO2 is 67 to 68 °C and that the thin film form of the 

material tends to have a lower 𝜏𝑐 than the bulk . However, hysteresis in VO2 is not fully 
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understood. For bulk single crystals of VO2, some researchers have observed less than 1°C 

hysteresis width [91, 92] while others have observed 6 to 25 °C hysteresis width [11, 12, 93]. 

Thus the intrinsic hysteresis of bulk VO2 is not widely agreed upon and there is no clear baseline 

by which to compare nanoscale forms of the material. The situation becomes even more complex 

for polycrystalline thin films, nanoparticles and other nanoscale forms of the material. In these 

configurations there appear to be two dominant parameters for controlling hysteresis – density of 

grain boundaries and density of defects within a grain (sometimes referred to specifically as 

crystallinity). Generally the latter has been regarded as reducing the hysteresis width in VO2 

[61]. However, there are apparently conflicting studies regarding the former in which increasing 

grain size has been shown to increase hysteresis [61] or decrease hysteresis [75]. For a 

continuous thin film, it would seem that a higher density of grain boundaries (smaller grain size) 

would increase the availability of nucleating defects which would in turn reduce hysteresis, and 

indeed that is suggested by the results in this study. 

In summary, the current study shows that a small grain size is desirable for achieving a low 

𝜏𝑐 and small hysteresis width; however there is also a lower limit to grain size such that 

crystallinity must be achieved to enable thermochromism. Fig. 4.4 shows that the as-deposited 

and 15 min annealed samples were not thermochromic, and this was due to an absence of 

crystallinity. This work shows that grain size has an important impact on both the transition 

temperature and hysteresis properties of vanadium dioxide. In general as the grain size increases, 

the transition temperature will increase and the hysteresis width will likely increase as well. 
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4.5 Conclusions 

In this study the effect of grain size on the transition temperature of VO2 has been 

investigated. The results show that 𝜏𝑐 of 45 °C can be achieved for an undoped VO2 film by 

restricting effective grain size to approximately 30 nm. It is concluded that a higher density of 

grain boundaries (smaller grain size) provides a greater number of nucleating defects which in 

turn reduces 𝜏𝑐. Similarly, a higher density of grain boundaries tends to reduce the hysteresis 

width. Also in this study a new set of optical performance metrics was proposed in which the 

solar spectrum was divided into the UV, visible and NIR regions. This approach is more closely 

aligned with the goals of limiting UV, enabling luminous and modulating NIR transmission. 

Using these metrics, the optical properties of the low-𝜏𝑐 sample were: 2% UV transmittance, 

47% luminous transmittance and 23% NIR modulation (decrease from 43 to 33%). The results 

demonstrate that the grain size of VO2 should be viewed as an important parameter for 

controlling the transition temperature of the material. 
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5 Multilayer ITO/VO2/TiO2 Thin Films for Control of Solar and 

Thermal Spectra 

5.1 Overview 

In this study, a multilayer thin film of ITO/VO2/TiO2 was investigated for the control of 

solar and thermal spectra with potential application as an energy-efficient coating for windows in 

built environments. The functions for these layers were: low emissivity, thermochromism, and 

anti-reflectance in the visible region. Films were deposited using reactive magnetron sputtering 

and characterized with scanning electron microscopy, X-ray diffraction, X-ray photoelectron 

spectroscopy, UV-Vis-NIR spectrophotometry, and Fourier transform infrared spectroscopy. The 

results demonstrate that relatively high luminous transmittance, low emissivity, and favorable 

thermochromism can be achieved for a film with a transition temperature centered at 52 °C with 

a hysteresis width of 18 °C. This shows that an advancement of the previous state of the art can 

be made by restricting the Scherrer grain size of the VO2 layer to 92 nm. 
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5.2 Introduction 

More than 40% of primary energy in the U.S. is used in buildings and this usage is projected 

to continue for the foreseeable future [1]. Given that windows are a major pathway for energy 

losses from buildings, one way to improve energy efficiency is through the application of 

coatings with suitable properties. In temperate climates it is desirable that the optical properties 

of such window coatings can vary in response to a stimulus (chromogenic thin films). In this way 

the material can control the propagation of light depending on the conditions of the environment. 

One class of chromogenic coatings, thermochromic, changes optical properties in response to 

temperature. These materials could potentially be inexpensive relative to other technologies such 

as electrochromic coatings, because of their simplicity (i.e. one layer of material without the 

need for an applied voltage). 

Vanadium(IV) oxide is an interesting thermochromic material because its transmittance in 

the visible region is relatively high and constant with temperature; however, its transmittance in 

the infrared region decreases significantly when the material is heated above its transition 

temperature (𝜏𝑐). Therefore, a thin layer of VO2 could be used to control solar irradiance for 

windows in built environments. The change in optical properties is associated with a phase 

transition from a semiconducting monoclinic to a metallic rutile structure [12]. A major technical 

challenge for this material is that 𝜏𝑐 in the bulk monocrystalline form is about 67 to 68 °C [11, 

26]. In the polycrystalline thin film form, 𝜏𝑐 appears to be closer to 55 °C [7, 18, 62] although 

some researchers have reported values up to 68 °C [86]. Some previous studies have shown that 

𝜏𝑐 can be altered by about 5 °C by varying the grain size of VO2 [18, 61]. The advantage of this 

approach compared to doping the material with a cation such as W
4+

 [27] is that it does not 

reduce the luminous transmittance (Tlum) and thermochromism of VO2 [18]. High Tlum is 
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important for transmitting daylight into buildings. Tlum can be increased by applying a suitable 

anti-reflective layer (such as TiO2) to the VO2 [7, 10, 31, 78, 94]. 

The energy-efficient potential of VO2 could be further enhanced through the application of a 

low emissive (low-E) material. Low-E coatings act as “hot mirrors,” reflecting mid-IR radiation 

but transmitting most of the visible light [95]. These optical properties can be used to control the 

flow of thermal radiation (i.e. 5 to 10 µm). One class of high-performing low-E films is 

transparent conducting oxides (TCOs). Examples of TCOs include FxSnO2-x and (SnO2)x(In2O3)1-

x [96]. TCOs are favorable for low-E because they have a wide optical band gap which enables 

high luminous transmittance, yet they also have free carriers which can reflect lower-energy 

photons in the thermal spectrum. By combining thermochromic and low-E materials into a 

multilayer design, both solar and thermal spectra can be controlled. One such study was 

performed through the synthesis and characterization of a multilayer FTO/VO2/TiO2 coating 

[78]. While that study demonstrated an innovative multilayer design, it also possessed a 

transition temperature centered at 71 °C with a hysteresis width of 17.4 °C [78]. For practical 

application of VO2, it is desirable to lower 𝜏𝑐 close to room temperature (less than 25 °C). 

Furthermore, the luminous transmittance (Tlum) in [78] was about 44%, and it is desirable to raise 

Tlum to 55% or more for daylighting purposes in buildings [6]. Thus, there are technical 

challenges that need to be overcome before these multilayer systems can be utilized for energy 

efficiency. 

In the current study, multilayer ITO/VO2/TiO2 samples are synthesized to achieve low 

emissivity, thermochromism, and visible anti-reflectance. The results show that these properties 

can be combined while still achieving a transition temperature centered at 52 °C with a hysteresis 

width of 18 °C. Moreover, Tlum of 56% is obtained through precise design and synthesis of the 
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multilayer system. This work demonstrates that an advancement in 𝜏𝑐 can be made by restricting 

the Scherrer grain size of the VO2 layer to approximately 92 nm. 

 

5.3 Materials and Methods 

The goal of this work was to synthesize multilayer films with low emissivity, 

thermochromism and a relatively low (less than 55 ºC) transition temperature. The following 

steps were performed to achieve this goal. First, approximately 100 nm thick VO2 films were 

reactively sputtered on glass substrates using a procedure that has been reported elsewhere [18]. 

The refractive indices of these films were characterized using a Woollam M-2000 spectroscopic 

ellipsometer. Both transmittance and reflectance measurements were performed with the 

ellipsometer to obtain a highly accurate index of refraction. A basis spline (B-Spline) method 

was used to determine the optical properties from the measured amplitude and polarization [97]. 

The B-Spline layer enables a high degree of flexibility in determining the complex index of 

refraction versus wavelength. This is achieved by specifying the optical constants at a number of 

control points which are equally spaced in photon energy. The values of the optical constants are 

then adjusted to reconstruct the measured amplitude and polarization with the B-Spline model. 

Values of the optical constants between control points are interpolated. Thus, the B-Spline layer 

is a very flexible approach for modeling the refractive index and it is especially useful for 

partially absorbing materials such as the VO2 and ITO films used in this study. Next, the 

refractive index of the VO2 was used as an input parameter for the program TFCalc by Software 

Spectra, Inc. TFCalc is used to simulate the optical performance of thin films and it has 

functionality for designing and optimizing anti-reflective coatings. Required inputs for the 

program include refractive index and layer thickness. A three layer structure of ITO/VO2/TiO2 



 

72 

was simulated with the program. The refractive index of TiO2 was taken directly from the library 

of available materials included with TFCalc [98] and was verified to accurately model the 

behavior of single-layer TiO2 on glass. The refractive index of ITO was obtained through 

ellipsometry, as mentioned above for VO2. The thickness of the TiO2 layer in the three-layer 

structure was numerically optimized to achieve minimum reflectance in the visible region (400 

to 700 nm). 

 After the multilayer design was optimized, the next step was to synthesize the structure. 

Commercially-available ITO glass was used as the substrate (VisionTek Systems Ltd.). VO2 was 

deposited on the ITO layer using the procedure referenced above [18]. The samples were then 

annealed in air at 365 ºC for 30 min using a Barnstead Thermolyne 47900 furnace. After the first 

annealing process was completed, the samples were returned to the sputtering system and a layer 

of TiO2 was deposited on the samples. The procedure for the TiO2 deposition process can be 

found in a previous publication [99]. The TiO2 deposition process in this study had some slight 

differences from the one cited above, as follows. The sputtering power was 100 W, the 

deposition time was 7.75 min and the substrate was maintained at room temperature. These 

parameters were selected to produce a 34 nm thick TiO2 layer, which was chosen based on the 

results of the TFCalc simulation. Following the TiO2 deposition, the samples were annealed for a 

second time at 365 ºC. The second annealing process was conducted for 15, 30, and 45 min, 

respectively. Therefore, in this study the VO2 and TiO2 layers were annealed for different lengths 

of time. The relationship between the two is: 𝑥1 = 𝑥2 + 30 𝑚𝑖𝑛, where 𝑥1 and 𝑥2 are the VO2 

and TiO2 annealing times in minutes, respectively. This two-step annealing process was used 

because it was found to produce a higher level of thermochromism than annealing the multilayer 

film in a single step. 
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Naturally-fractured cross sections of the films were characterized with an FEI Sirion 

scanning electron microscope (SEM). The working distance for SEM was 5 mm, the accelerating 

voltage was 5 kV, and the scan was performed in ultra-high resolution mode. Next, crystallinity 

of the samples was characterized with X-ray diffraction (XRD) using a Bruker D8 Discover with 

GADDS. Cu Kα was used as the radiation source for XRD, and data was collected from 2θ of 15 

to 70°. After XRD spectra were obtained, crystalline grain size was estimated using the full-

width at half-maximum (FWHM) of the monoclinic (011) peak and the Scherrer equation [25, 

89] 

𝑑 =  
𝐾𝜆

(𝛽−𝛽0)  cos𝜃
         (5.1) 

where d is the grain size, K is a dimensionless shape factor assumed to be 0.9, 𝜆 is the 

wavelength of the radiation source (0.154184 nm), 𝛽 is the measured FWHM (in radians), 𝛽0 is a 

correction factor to account for instrumental broadening and 𝜃 is the Bragg angle. The value of 

𝛽0 was estimated to be 0.00232 rad (0.133°) based on an LaB6 standard [90]. The FWHM was 

measured using the built-in functions of the DIFFRAC.EVA 3.0 software. 

Chemical compositions of the as-deposited and 45 min annealed TiO2 layers were 

characterized with high-resolution X-ray photoelectron spectroscopy (XPS) using a Kratos AXIS 

Ultra. Monochromatic Al Kα was used as the radiation source for XPS, and the data was 

analyzed with CasaXPS 2.3.15. The spectra were corrected by setting the C 1s binding energy to 

284.6 eV, which is common practice for XPS analysis [52]. 

Transmittance of the films was obtained with UV-Vis-NIR spectrophotometry using a Varian 

Cary 5000. The measurement was performed between wavelengths of 250 and 2500 nm. The 

following equation was used to integrate the data into three scalar values which can be used to 

compare different samples in a quantitative and objective way [18]: 
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𝑇𝑟𝑒𝑔.(𝜏) = ∫𝜑𝑟𝑒𝑔.(𝜆)𝑇(𝜆, 𝜏)𝑑𝜆 / ∫𝜑𝑟𝑒𝑔.(𝜆)𝑑𝜆   (5.2) 

where 𝜆 is the wavelength of the incident light, 𝜑𝑟𝑒𝑔. is a weight function for a region, 𝜏 is the 

sample temperature and 𝑇 is transmittance. Three regions were used as domains of integration: 

UV (250 < 𝜆 < 400 𝑛𝑚), visible (400 < 𝜆 < 700 𝑛𝑚), and NIR (700 < 𝜆 < 2500 𝑛𝑚). For 

the UV and NIR regions, the AM1.5 spectrum was used for 𝜑 [85]. For the visible region, the 

luminous efficiency of the light-adapted eye was used for 𝜑 [84]. An additional spectrometry 

measurement was performed in which the wavelength was fixed at 2500 nm, and the temperature 

was cycled from 25 to 85 °C in 2 °C increments. The derivative of this measurement was 

calculated, and the temperature corresponding to the maximum magnitude was defined as the 

critical transition temperature (𝜏𝑐). Lastly, emissivity of the samples was determined using a 

PerkinElmer RXI Fourier transform infrared (FTIR) spectrometer. The FTIR was used to 

measure both transmittance and reflectance of the samples at a wavelength of 10 µm. Therefore 

absorptance could be determined separately from reflectance, and emissivity was considered 

equal to absorptance based on Kirchhoff’s radiation law. The procedure in this study enabled the 

synthesis and characterization of high-performing multilayer thin films which combined 

thermochromism, low emissivity, and anti-reflectance. Furthermore, the transition temperature 

was modified by varying the annealing time and grain size of the samples. 

 

5.4 Results and Discussion 

In this work, a commercially-available ITO glass (VisionTek Systems Ltd.) was used as a 

substrate for producing VO2/TiO2 thin films. The thickness of the glass was 1.1 mm. The ITO 

layer was approximately 155 ± 7 nm thick, which was determined from cross-sectional SEM 

characterizations. The sheet resistance of the ITO was about 12 Ω/sq. A 100 ± 5 nm thick VO2 
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film was deposited on the ITO glass substrate. This thickness was chosen because it resulted in a 

luminous transmittance (Tlum) of more than 55% and NIR modulation (thermochromism) of more 

than 16%. For window coatings, it is desirable for Tlum to be at least 55% to allow daylight to be 

transmitted into buildings [6]. Thicker films of VO2 can yield more NIR modulation, but the 

disadvantage is that they also absorb more light in the visible region [82]. The top layer of the 

three layer structure, TiO2, was numerically optimized at 34 nm to achieve minimum reflectance 

in the visible region. Fig. 5.1(a) shows the simulated transmittance of the ITO, ITO/VO2, and 

ITO/VO2/TiO2 thin films. Note that the spectra terminate at 1700 nm because that is the limit of 

the Woollam M-2000 spectroscopic ellipsometer which was used to determine the refractive 

indices of the ITO and VO2 layers. The experimentally-observed transmittance is shown in Fig. 

5.1(b) for comparison. The visible region, plotted as an inset figure, shows a small but non-trivial 

increase in transmittance. The predicted behavior agrees reasonably well with the experimental 

data in the UV and visible regions; however, the NIR region had more discrepancy. The source 

of this discrepancy is not entirely clear but it appears to be related to the simulation not fully 

capturing the reduction in NIR reflectance from ITO glass that occurs when a VO2 film is 

deposited on the substrate. For example, at 1700 nm the simulation predicts a transmittance of 

28% for the ITO/VO2 film, but the experimental value is 46%. In spite of the discrepancy in the 

NIR region, the simulation was successful in modeling and optimizing transmittance in the 

visible region as shown in the inset of Fig. 5.1. Therefore, it was determined that the simulation 

was effective for this purpose. 
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Fig. 5.1. (a) Computational and (b) experimental transmittance of ITO/VO2 film with and 

without a TiO2 anti-reflective layer. Transmittance of the uncoated ITO glass substrate is shown 

as a red dashed line. For the three-layer structure, the thickness of the TiO2 coating was 

numerically optimized to achieve minimum reflectance in the visible region (inset figure). 

 

To verify that the desired layer thicknesses were achieved, naturally-fractured cross sections 

of the samples were characterized with SEM. The SEM images, provided in Fig. 5.2, show that 

layer thicknesses were approximately 155 ± 7 nm, 100 ± 5 nm, and 34 ± 4 nm for ITO, VO2, and 

TiO2, respectively. Thus the desired multilayer structure was synthesized using the approach 

described in Section 2. The results show that the films were generally uniform and smooth; 

which is common for films deposited with magnetron sputtering [18]. These characteristics make 

magnetron sputtering a favorable technique for depositing optical coatings, such as the 

multilayer films in this study. Cross sectional morphologies of the samples appeared to be mostly 

equiaxial. Microstructures of the samples were characterized with XRD, and the results are 

shown in Fig. 5.3. The characterization confirmed that the 155 ± 7 nm ITO base layer had 

relatively high crystallinity, meaning that numerous ITO peaks of strong intensity were detected. 

This is reinforced by considering the fact that the background appeared as mostly flat instead of 

showing the characteristic “hill” of uncoated glass. ITO peaks in Fig. 5.3 can be identified by 
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comparing with the bottom line in the figure, which shows the XRD reflections for the as-

received substrate. VO2 peaks in the figure are indicated by the diamond symbols above the top 

line. Vertical lines are shown at 2θ of 37.0º and 37.5º to help distinguish between a faint VO2 

(2̅11) peak and an ITO peak contributed from the substrate. The XRD results show that the as-

deposited VO2 film was amorphous, whereas the 30 to 75 min annealed films had the desired 

monoclinic structure. 

Due to the thinness (34 nm) of the TiO2 top-layer, it was difficult to detect crystallinity for 

this material. Therefore, high-resolution XPS was selected to characterize the TiO2 layer. XPS 

results for the [ITO/VO2 (30 min)/TiO2 (dep)] and [ITO/VO2(75 min)/TiO2 (45 min)] samples 

are presented in Fig. 5.4. The results show that both samples comprised pure TiO2. This was 

determined both from the binding energy of the Ti 2p3/2 peak (approximately 458.7 eV) [52], and 

by taking the difference between the Ti 2p1/2 and Ti 2p3/2 peaks (Δ = 5.74 eV). Both techniques 

indicated that the charge of the metal cation was Ti
4+

. Therefore the desired TiO2 top-layer was 

produced. 
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Fig. 5.2. Cross sectional SEM images of ITO, ITO/VO2, and ITO/VO2/TiO2 films on glass 

substrates. Different annealing times for VO2 and TiO2 are indicated on the figure since 

annealing proceeded in a two-step process. 
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200 nm 
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e) ITO/VO2 (60 m)/TiO2 (30 m) 



 

79 

20 25 30 35 40 45 50 55 60

ITO
-
VO

2(011)

75 min ann.

60 min ann.

45 min ann.

30 min ann.

VO
2
 dep.

ITO

(211)

VO
2

In
te

n
s
it

y

2 (deg.)
 

Fig. 5.3. XRD spectra for ITO/VO2/TiO2 films. The annealing times shown on the figure are for 

the VO2 layer. TiO2 annealing times can be determined by subtracting 30 min from the times 

shown. 
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Fig. 5.4. High-resolution XPS data for multilayer films. 

 

The samples were characterized with UV-Vis-NIR spectrophotometry to determine their 

optical properties. A representative transmittance spectrum is provided in Fig. 5.5 for the 60 min 

annealing time. The solid and dashed lines in the figure correspond to measurements performed 

at 25 ºC and 85 ºC, respectively. Some general features of the optical properties include 
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relatively high luminous transmittance and a reduction in NIR transmittance after the sample is 

heated above the transition temperature. These qualitative properties were analyzed 

quantitatively by applying Eqn. (5.2). The results of the calculations are presented in Fig. 5.6. In 

the figure, two X-axes for annealing time are shown as a reminder that the TiO2 and VO2 layers 

were annealed for different lengths of time. Fig. 5.6 shows that the NIR % reduction and UV 

transmittance were relatively constant with annealing time; however, the luminous and NIR 

transmittances increased with annealing time. Based on the results shown in Fig. 5.6, the 60 and 

75 min annealing times had the most favorable luminous transmittance and NIR % reduction of 

the samples in this study. 
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Fig. 5.5. Transmittance of [155 nm ITO / 100 nm VO2/ 34 nm TiO2] 60 min annealed film 

measured above and below the transition temperature. 
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Fig. 5.6. Integrated transmittances of ITO/VO2/TiO2 multilayer films. NIR % reduction was 

calculated by taking the difference between NIR transmittance values at a given annealing time 

and then dividing by the value at 25 ºC. 

 

The transition temperatures of the samples were determined by fixing the wavelength of the 

spectrophotometer at 2500 nm and varying the temperature from 25 to 85 °C. The results for the 

60 min annealed sample are shown in Fig. 5.7(a). By taking the derivative of transmittance with 

respect to temperature, the critical transition temperatures (𝜏𝑐) of the samples were determined. 

It is important to note that for hysteretic samples, two transition temperatures are obtained; one 

in heating (𝜏𝑐,ℎ) and one in cooling (𝜏𝑐,𝑐). In the literature, there are generally two approaches 

for describing 𝜏𝑐 of hysteretic samples. The first is to simply provide both 𝜏𝑐,ℎ and 𝜏𝑐,𝑐 [7, 61, 

62]. The other approach is to calculate the average between these two values and then provide 

the hysteresis width (difference between 𝜏𝑐,ℎ and 𝜏𝑐,𝑐) [18, 27, 28, 78]. In the current work, the 

authors have chosen the latter approach for conciseness. Specifically, the transition temperature 

is defined here as 𝜏𝑐 =
(𝜏𝑐,ℎ+𝜏𝑐,𝑐)

2
±

(𝜏𝑐,ℎ−𝜏𝑐,𝑐)

2
 (average 𝜏𝑐 ± half of hysteresis width). The results 

of this analysis, presented in Fig. 5.7(b), show that 𝜏𝑐 was 52 ± 9 °C for the 60 min annealed 

sample. Data for the other annealing times are summarized in Fig. 5.8, which shows that 𝜏𝑐 
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increased from 49 ± 9 °C to 53 ± 9 °C as the VO2 annealing time increased from 30 to 75 min. 

Thus, the 30 min annealing time resulted in the lowest average transition temperature for the 

samples in this study. The increase in 𝜏𝑐 with annealing time for the multilayer films was also 

observed for a separate set of single-layer VO2 films [18], which helps to establish confidence in 

the trend. In addition to 𝜏𝑐, Scherrer grain size (𝑑) is also plotted in Fig. 5.8. The grain size was 

calculated by measuring the FWHM of the VO2 (011) peak and inputting the value into Eqn. 

(5.1). As Fig. 5.8 indicates, 𝑑 increased from approximately 42 to 112 nm as the VO2 annealing 

time increased from 30 to 75 min. Therefore, both the transition temperature and the Scherrer 

grain size increased as a result of the post-deposition annealing process. 
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Fig. 5.7. (a) Transmittance at fixed wavelength of 2500 nm for 60 min ITO/VO2/TiO2 sample. 

(b) Derivative of transmittance with respect to temperature. 
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Fig. 5.8. Summary of VO2 transition temperature and Scherrer grain size versus annealing time. 

 

Emissivity of the multilayer samples was characterized at a wavelength of 10 µm using an 

FTIR spectrometer. VO2/TiO2 films on both ITO glass and common PS (potash-soda) glass were 

characterized to determine how much the emissivity was influenced by the presence of the ITO 

layer. PS glass is a type of common silica glass with higher thermal stability than soda lime, 

which makes it suitable for producing VO2 films [82]. The emissivity of the PS glass is not 

significantly different from other silica glasses, and therefore it can be used for comparison with 

ITO-coated silica glass. The results, presented in Fig. 5.9, show that a slight increase in 

emissivity with annealing time was detected; however, it did not exceed the uncertainty in the 

characterization for a given substrate type. By contrast, the VO2/TiO2 film on ITO glass did have 

a significantly lower emissivity (0.26 compared to 0.68) than the film on PS glass. The FTIR 

data verifies that the multilayer structure with ITO had a much lower emissivity than the 

structure without the ITO layer. 
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Fig. 5.9. Emissivity determined at wavelength of 10 µm for VO2/TiO2 on PS and ITO glass 

substrates. 

 

In summary, the ITO/VO2/TiO2 films in this study combined thermochromism, low-

emissivity and visible anti-reflectance. Specifically, the luminous transmittance of the 60 min 

annealed sample was 56.1%, the NIR % reduction was 16.5% (from 59.6 to 49.2%), and the 

emissivity of the sample was 0.28. These optical properties generally match or exceed those of 

the previous state of the art for a low-E / thermochromic multilayer thin film [78]. Moreover, the 

transition temperature of the sample in the current study was approximately 52 ± 9 °C. 𝜏𝑐 could 

be further lowered to 49 ± 9 °C by shortening the annealing time to 30 min and reducing the 

grain size to 42 nm. However, the shorter annealing time resulted in a reduction in Tlum due to the 

as-deposited TiO2 layer having a non-zero extinction coefficient. The main advancement in this 

work compared to the previous state of the art is that 𝜏𝑐 in the earlier study was 71 ± 9 °C [78]. 

The lower transition temperature of 52 ± 9 °C in this work appears to be associated with limiting 

the Scherrer grain size to 92 nm. These findings are important because they demonstrate that 

visible anti-reflectance and low emissivity can be achieved while keeping the transition 

temperature of VO2 relatively low through the grain size reduction approach. The 



 

85 

thermochromism of VO2 can potentially be applied to control solar irradiance and the low 

emissive layer can be used to control the thermal spectrum for windows in built environments 

and automobiles. 

 

5.5 Conclusions 

This study shows that the potentially energy-efficient properties of thermochromism and low 

emissivity can be combined using a three-layer structure of ITO/VO2/TiO2. Furthermore, the 

transition temperature of the VO2 layer was limited to 52 ± 9 °C by restricting the Scherrer grain 

size to 92 nm. The luminous transmittance of the sample was 56.1% and its NIR % reduction 

was 16.5% (from 59.6 to 49.2%). Emissivity of the multilayer thin film was about 0.28. These 

properties constitute an advancement of the state of the art because they are accompanied by a 

significantly lower transition temperature than was previously reported for a thermochromic / 

low-E system. With further advancement, the multilayer thin film in this study could be used to 

control solar and thermal spectra for windows in built environments and automobiles.  
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6 Summary 

6.1 Final Remarks 

In this dissertation energy-efficient coatings have been investigated through experimental and 

numerical investigations. A multilayer structure of ITO/VO2/TiO2 was designed, synthesized and 

characterized. The purposes for these layers were low emissivity, thermochromism, and anti-

reflectance in the visible region. Individual studies for TiO2 and VO2 were presented in Chs. 2 

and 3 - 4, respectively. The work in Ch. 2 showed that the mechanical properties of TiO2 can be 

controlled independently of the optical and electrical properties by varying synthesis 

temperature. This knowledge is important because TiO2 is often used as the outer-most layer in 

optical devices including the thermochromic smart window investigated in this dissertation. In 

Ch. 3, it was shown that substrate composition can have a very strong impact on the structure 

and properties of vanadium oxide thin films. Sodium (Na) from the soda lime glass substrate 

undesirably inhibited thermochromism; however, replacing half of the Na with potassium (K) 

suppressed the Na diffusion and promoted the nucleation of pure VO2 with superior 

thermochromism. The work in Ch. 4 showed that the transition temperature (𝜏𝑐) of VO2 can be 

lowered from 50 to 45 °C by reducing the effective grain size of the film from 70 to 31 nm. 

Lastly, Ch. 5 demonstrated that the above knowledge can be combined with a low-E material to 

produce an excellent multilayer system with low emissivity, thermochromism, and anti-

reflectance in the visible region. The multilayer represents an advancement in the state of the art 

because its optical properties generally match or exceed those of previous studies and 𝜏𝑐 in the 

current work is nearly 20 °C less than the previous benchmark for a low-E/VO2 multilayer 

coating [78]. This dissertation contributes knowledge that helps reduce the barriers which 
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currently limit thermochromic materials from being utilized for energy efficiency in built 

environments. 

6.2 Future Directions 

The greatest technical challenge currently limiting the application of VO2 as a smart window 

coating is that 𝜏𝑐 has not yet been lowered to room temperature without drastically reducing 

luminous transmittance and NIR modulation (thermochromism) [6, 27]. In this dissertation, 𝜏𝑐 

was lowered to approximately 45 °C while still maintaining 47% luminous transmittance and 

23% NIR modulation (decrease from 43 to 33%). The transition temperature will need to be 

further reduced in the future if VO2 is to be used as a smart window coating for buildings. 

However, it is possible that with the current understanding of 𝜏𝑐, VO2 could be used for other 

applications such as switches [100], sensors [101], data storage [102], infrared modulators and 

more. Systems that utilize the unique properties of VO2 will be interesting to watch in the 

coming years. 

One research question that the author feels has not been fully answered in the literature is the 

exact effect of dopants on 𝜏𝑐. Qualitatively it has been reported that  W
6+

, Mo
6+

, Ta
5+

, Nb
5+

 and 

Ru
4+

 are donor impurities that can decrease the transition temperature of VO2 [26]. Moreover, 

Ge
4+

, Al
3+

 and Ga
3+

 are acceptor impurities that can evidently increase 𝜏𝑐 [26]. However, Mg
2+

 

has been reported to decrease 𝜏𝑐 of VO2 [28]. This appears to contradict the aforementioned 

trend and the author of this dissertation has not seen a theoretical basis which clarifies the 

apparent contradiction. Moreover, this is an important question both for a fundamental 

understanding of this material, as well as for the practical consideration of reducing 𝜏𝑐 to a 

suitable level for the application of VO2 in smart windows and other useful devices.  
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Appendix A. UV-Vis-NIR Spectrophotometry Characterizations 

The purpose of this appendix is to briefly describe how heated UV-Vis-NIR 

spectrophotometry characterizations were performed in this dissertation. The instrument used 

was a Varian Cary 5000 spectrophotometer, which is equipped with a dual cell Peltier 

temperature-controlled sample holder. This instrument is located in the core instrumentation of 

the Chemistry Department. An image of the Varian Cary 5000 is shown in Fig. A.1. Typically 

this device is used to characterize fluid samples which are held in cuvettes that fit conveniently 

into the cell holders. In this dissertation, it was desired to characterize the optical properties of 

thin solid films on substrates, and therefore the cuvette holders could not directly accommodate 

this material configuration. To overcome this challenge, sample mounting plates were fabricated 

that could be placed on the outside of the cuvette holders. The desired samples were then placed 

on these mounting plates and then characterized following the same approach as a cuvette 

sample would normally be characterized. The non-standard portion of the measurement is 

described in the following paragraph. 

 

Fig. A.1. Varian Cary 5000 UV-Vis-NIR spectrophotometer with dual cell Peltier temperature-

controlled sample holder. 
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To perform a heated spectrometry characterization using this apparatus, first place the sample 

mounting plates on the cuvette cell holders, as shown in Fig. A.2(a). Next, scan the baseline 

using the standard approach with the Varian Cary software. Remove the mounting plate near the 

front of the spectrometer (shown on the left side of Fig. A.2(a)). Mount the sample on the plate 

as shown in Fig. A.2(b). Return the mounting plate to the cell holder and then close the sample 

compartment. Set the desired temperature with the Peltier controller and perform the 

transmittance measurements using the standard approach. 

 

  

Fig. A.2. (a) Peltier temperature-controlled cell holders with sample mounting plates attached. 

(b) Mounting plate with sample attached for characterization. 

 

 

 

  

(a) (b) 
Mounting Plates 
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Appendix B. Matlab Code for Luminous Transmittance 

% This Matlab code calculates luminous transmittance by integrating measured 

transmittance with respect to the luminous efficiency reported by: L.T. 

Sharpe, A. Stockman, W. Jagla, H. Jägle, J. Vis., 5 (2005). 

 

clear all 

 

% The l array shown below is the luminous efficiency reported by Sharpe et 

al. (2005). 

 

l = 

[7.05E-07 

7.47E-07 

7.91E-07 

8.39E-07 

8.89E-07 

9.42E-07 

9.99E-07 

1.06E-06 

1.12E-06 

1.19E-06 

1.26E-06 

1.34E-06 

1.42E-06 

1.50E-06 

1.60E-06 

1.69E-06 

1.80E-06 

1.91E-06 

2.03E-06 

2.15E-06 

2.29E-06 

2.43E-06 

2.58E-06 

2.75E-06 

2.92E-06 

3.11E-06 

3.30E-06 

3.51E-06 

3.73E-06 

3.96E-06 

4.21E-06 

4.48E-06 

4.76E-06 

5.07E-06 

5.39E-06 

5.74E-06 

6.11E-06 

6.51E-06 

6.93E-06 

7.38E-06 

7.86E-06 

8.38E-06 

8.93E-06 

9.51E-06 

1.01E-05 

1.08E-05 

1.15E-05 

1.23E-05 

1.31E-05 

1.40E-05 

1.49E-05 

1.59E-05 

1.69E-05 

1.80E-05 

1.92E-05 

2.05E-05 

2.19E-05 

2.34E-05 

2.50E-05 

2.68E-05 

2.86E-05 

3.06E-05 

3.26E-05 

3.49E-05 

3.73E-05 

3.98E-05 

4.26E-05 

4.55E-05 

4.87E-05 

5.21E-05 

5.58E-05 

5.97E-05 

6.39E-05 

6.83E-05 

7.31E-05 

7.83E-05 

8.38E-05 

8.97E-05 

9.61E-05 

1.03E-04 

1.10E-04 

1.18E-04 

1.27E-04 

1.36E-04 

1.46E-04 

1.57E-04 

1.68E-04 

1.80E-04 

1.93E-04 

2.07E-04 

2.22E-04 

2.38E-04 

2.56E-04 

2.75E-04 

2.96E-04 

3.18E-04 

3.42E-04 

3.67E-04 

3.95E-04 

4.24E-04 

4.56E-04 

4.90E-04 

5.26E-04 

5.65E-04 

6.08E-04 

6.54E-04 

7.03E-04 

7.57E-04 

8.15E-04 

8.78E-04 

9.45E-04 

1.02E-03 

1.09E-03 

1.18E-03 

1.27E-03 

1.37E-03 

1.47E-03 

1.59E-03 

1.71E-03 

1.85E-03 

2.00E-03 

2.15E-03 

2.32E-03 

2.51E-03 

2.70E-03 

2.91E-03 

3.13E-03 

3.37E-03 

3.63E-03 

3.90E-03 

4.20E-03 

4.51E-03 

4.85E-03 

5.22E-03 

5.61E-03 

6.03E-03 

6.48E-03 

6.96E-03 

7.48E-03 

8.05E-03 

8.66E-03 

9.33E-03 

1.01E-02 

1.09E-02 

1.17E-02 

1.26E-02 

1.36E-02 

1.46E-02 

1.57E-02 

1.68E-02 

1.81E-02 

1.94E-02 

2.08E-02 

2.23E-02 

2.39E-02 

2.55E-02 

2.73E-02 

2.92E-02 

3.12E-02 

3.33E-02 

3.56E-02 

3.80E-02 

4.05E-02 

4.32E-02 

4.60E-02 

4.90E-02 

5.22E-02 

5.55E-02 

5.90E-02 

6.28E-02 

6.67E-02 

7.09E-02 

7.52E-02 

7.98E-02 

8.47E-02 

8.98E-02 

9.52E-02 

1.01E-01 

1.07E-01 

1.13E-01 

1.19E-01 

1.26E-01 

1.33E-01 

1.40E-01 

1.47E-01 

1.55E-01 

1.62E-01 

1.70E-01 

1.78E-01 

1.86E-01 

1.94E-01 

2.03E-01 

2.12E-01 

2.22E-01 

2.31E-01 

2.42E-01 

2.52E-01 

2.63E-01 

2.74E-01 

2.86E-01 

2.98E-01 

3.10E-01 

3.23E-01 

3.36E-01 

3.48E-01 

3.61E-01 

3.73E-01 

3.86E-01 

3.98E-01 

4.10E-01 

4.23E-01 

4.36E-01 

4.49E-01 

4.62E-01 

4.76E-01 

4.90E-01 

5.03E-01 

5.17E-01 

5.31E-01 

5.45E-01 

5.58E-01 

5.72E-01 

5.86E-01 

6.00E-01 

6.14E-01 

6.27E-01 

6.40E-01 

6.53E-01 

6.66E-01 

6.79E-01 

6.92E-01 

7.05E-01 

7.17E-01 

7.30E-01 

7.42E-01 

7.54E-01 

7.66E-01 

7.78E-01 

7.90E-01 

8.01E-01 

8.12E-01 

8.22E-01 

8.32E-01 

8.42E-01 

8.50E-01 

8.59E-01 

8.66E-01 

8.74E-01 

8.81E-01 

8.88E-01 

8.96E-01 

9.05E-01 

9.15E-01 

9.24E-01 

9.34E-01 

9.42E-01 

9.50E-01 

9.57E-01 
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9.63E-01 

9.68E-01 

9.73E-01 

9.78E-01 

9.82E-01 

9.85E-01 

9.88E-01 

9.90E-01 

9.92E-01 

9.94E-01 

9.95E-01 

9.96E-01 

9.97E-01 

9.98E-01 

9.99E-01 

1.00E+00 

1.00E+00 

9.99E-01 

9.98E-01 

9.96E-01 

9.93E-01 

9.91E-01 

9.89E-01 

9.88E-01 

9.86E-01 

9.85E-01 

9.84E-01 

9.81E-01 

9.78E-01 

9.74E-01 

9.68E-01 

9.62E-01 

9.54E-01 

9.46E-01 

9.37E-01 

9.27E-01 

9.17E-01 

9.07E-01 

8.98E-01 

8.88E-01 

8.78E-01 

8.68E-01 

8.58E-01 

8.46E-01 

8.34E-01 

8.21E-01 

8.08E-01 

7.95E-01 

7.81E-01 

7.66E-01 

7.51E-01 

7.35E-01 

7.18E-01 

7.00E-01 

6.81E-01 

6.61E-01 

6.41E-01 

6.21E-01 

6.00E-01 

5.80E-01 

5.60E-01 

5.40E-01 

5.20E-01 

5.01E-01 

4.82E-01 

4.64E-01 

4.45E-01 

4.28E-01 

4.11E-01 

3.94E-01 

3.78E-01 

3.63E-01 

3.48E-01 

3.34E-01 

3.21E-01 

3.09E-01 

2.96E-01 

2.85E-01 

2.74E-01 

2.64E-01 

2.55E-01 

2.46E-01 

2.38E-01 

2.31E-01 

2.24E-01 

2.18E-01 

2.12E-01 

2.06E-01 

2.01E-01 

1.95E-01 

1.90E-01 

1.84E-01 

1.79E-01 

1.74E-01 

1.68E-01 

1.63E-01 

1.58E-01 

1.54E-01 

1.49E-01 

1.44E-01 

1.39E-01 

1.35E-01 

1.30E-01 

1.25E-01 

1.20E-01 

1.16E-01 

1.11E-01 

1.06E-01 

1.01E-01 

9.69E-02 

9.27E-02 

8.87E-02 

8.51E-02 

8.20E-02 

7.91E-02 

7.66E-02 

7.44E-02 

7.24E-02 

7.06E-02 

6.90E-02 

6.76E-02 

6.61E-02 

6.47E-02 

6.33E-02 

6.18E-02 

6.03E-02 

5.89E-02 

5.74E-02 

5.61E-02 

5.47E-02 

5.33E-02 

5.19E-02 

5.03E-02 

4.87E-02 

4.70E-02 

4.52E-02 

4.34E-02 

4.16E-02 

3.98E-02 

3.81E-02 

3.64E-02 

3.48E-02 

3.32E-02 

3.17E-02 

3.02E-02 

2.87E-02 

2.74E-02 

2.61E-02 

2.49E-02 

2.37E-02 

2.26E-02 

2.14E-02 

2.03E-02 

1.91E-02 

1.79E-02 

1.66E-02 

1.55E-02 

1.43E-02 

1.32E-02 

1.21E-02 

1.11E-02 

1.01E-02 

9.08E-03 

8.14E-03 

7.25E-03 

6.42E-03 

5.66E-03 

4.97E-03 

4.35E-03 

3.80E-03 

3.30E-03 

2.85E-03 

2.45E-03 

2.10E-03 

1.78E-03 

1.50E-03 

1.27E-03 

1.06E-03 

8.84E-04 

7.34E-04 

6.08E-04 

5.03E-04 

4.15E-4]; 

 

dL = 1.; % Incremental wavelength in nm 

 

%************************************************************************ 

j = size(l); 

numRows = j(1, 1); 

denominator = 0.; 

for i = 1:numRows  % This code integrates l to produce the denominator 

    d(i, 1) = l(i,1)*dL; 

    denominator = denominator + d(i,1); 

end 

%************************************************************************ 

 

data = [];  % Enter transmittance per nm measured from 830 to 390 nm 

 

j = size(data); 

numRows = j(1, 1); 

numerator = 0.; 

for i = 1:numRows  % This code integrates data to produce the numerator    

n(i, 1) = d(i,1)*data(i,1); 

    numerator = numerator + n(i,1); 

end 

numerator = numerator/100.; 

Tlum = numerator/denominator     % Tlum is the desired luminous transmittance 

 

wave = 
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[830 

829 

828 

827 

826 

825 

824 

823 
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820 

819 
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799 
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795 
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791 
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770 

769 

768 

767 
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757 

756 

755 

754 
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751 

750 
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740 
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731 
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729 

728 

727 

726 

725 
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720 
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718 
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716 
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713 

712 

711 

710 

709 

708 

707 

706 

705 

704 

703 

702 

701 

700 

699 

698 

697 

696 

695 

694 

693 

692 

691 

690 

689 
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687 

686 

685 

684 

683 

682 

681 

680 

679 

678 

677 

676 

675 

674 

673 

672 

671 

670 

669 

668 

667 

666 

665 

664 

663 

662 

661 

660 

659 

658 

657 

656 

655 

654 

653 

652 

651 

650 

649 

648 

647 

646 

645 

644 

643 

642 

641 

640 

639 

638 

637 

636 

635 

634 

633 

632 

631 

630 

629 

628 

627 

626 

625 

624 

623 

622 

621 

620 

619 

618 

617 

616 

615 

614 

613 

612 

611 

610 

609 

608 

607 

606 

605 

604 

603 

602 

601 

600 

599 

598 

597 

596 
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594 

593 

592 

591 

590 

589 

588 

587 

586 

585 

584 

583 

582 

581 

580 

579 

578 

577 

576 

575 

574 
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572 

571 

570 

569 

568 

567 

566 

565 

564 

563 

562 
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560 

559 

558 

557 

556 
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554 

553 

552 

551 

550 

549 

548 

547 

546 

545 

544 

543 

542 

541 

540 

539 

538 

537 

536 

535 

534 

533 

532 

531 

530 

529 

528 

527 

526 

525 

524 

523 

522 

521 

520 

519 

518 

517 

516 

515 

514 

513 

512 

511 

510 

509 
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506 
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500 

499 

498 

497 

496 

495 

494 

493 

492 

491 

490 

489 

488 

487 

486 

485 

484 

483 

482 

481 

480 

479 
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477 

476 

475 

474 

473 

472 
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470 

469 

468 

467 

466 

465 

464 
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462 

461 

460 

459 

458 

457 

456 

455 

454 

453 

452 

451 

450 

449 

448 
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444 

443 
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440 
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437 
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414 

413 

412 

411 

410 

409 

408 

407 

406 

405 

404 

403 

402 

401 

400 

399 

398 

397 

396 

395 

394 
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390]; 
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figure(1);     % Plot luminous efficiency function from Sharpe et al. (2005) 

plot(wave,l,'k-.', 'LineWidth', 1.5) 

 

figure(2);   % Plot measured transmittance in visible region 

plot(wave,data, 'k-..', 'LineWidth', 1.5) 
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