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ABSTRACT 

  This thesis explores the potential application of the phase change material tungsten 

trioxide (WO3) in optical force modulation for spacecraft and satellites. It starts with a 

literature review of past space optical force applications as well as potential phase change 

materials for optical force modulation. This is followed by the theoretical model and 

discussions of the optical properties of a variety of materials used in the structures explored 

thereafter. Four planar structures were analyzed in detail. Two of the structures were 

opaque and the other two were semi-transparent. 

The first of the opaque structures was a tungsten trioxide film on aluminum substrate 

(WO3/Al).  It was found to have a 26% relative change in radiation pressure with WO3 

thickness of 200 nm. The second opaque structure was a tungsten trioxide film on silicon 

spacer on aluminum substrate (WO3/Si/Al). This structure was found to have a 25% relative 

change in radiation pressure with 180 nm WO3 and 20 nm Si.  

The semitransparent structures were tungsten trioxide film on undoped silicone 

substrate (WO3/Si), and a tungsten trioxide film on a silicone spacer on tungsten trioxide 

(WO3/Si/WO3). The WO3/Si structure was found to have an 8% relative change in radiation 

pressure with 200 nm WO3 and 50 nm Si.  The WO3/Si/WO3 structure had a relative change 

in radiation pressure of 20% with 85 nm WO3 and 90 nm Si. 

These structures show promise for attitude control in future solar sailing space 

missions. The IKAROS mission proved the functionality of using phase change material in 

order to steer a space craft. This was accomplished with a 7.8% relative change in radiation 

pressure. However, this only occurred at a pressure change of 0.11 µN/m2 over a range of 0.4 
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to 1.0 µm which is approximately 77.1% of the solar spectrum energy.  The proposed 

structure (WO3/Al) with a 26% relative change in radiation pressure with a pressure change 

of 1.4 µN/m2 over a range 0.4 to 1.6 µm which is approximately 80% of the solar spectrum 

energy. The magnitude of radiation pressure variation in this study exceeds that used on 

the IKAROS, showing applicability for future mission. 
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CHAPTER 1 

INTRODUCTION & BACKGROUND 

1.1 Introduction  

  Fuel consumption for long duration space travel can be the limiting factor for 

interplanetary missions. This has been solved in the past by using radioisotopes. The 

spacecraft still are functioning today on Voyager 1 and 2 [1]. This is not the only way to 

reach interstellar space. Solar sailing is believed to be the most important future propulsion 

system in long duration space travel. This uses photons to push mass through space and 

thus needs no consumable fuel sources onboard. Although optical forces are very small the 

small acceleration over months and years adds up and can reach very high velocities. Solar 

sailing, a term used to depict pushing spacecraft through space using radiation pressure, 

has optimal performance with maximum optical force. By varying radiation pressure, the 

same phenomenon has been shown to be able to be used for steering a space spacecraft 

(attitude control). Attitude control was accomplished by the utilization of a phase change 

material that changes the reflectivity and thus changes the optical force being applied 

making the space craft steerable [2]. Vanadium dioxide (VO2) and Polymer Dispersed 

Liquid Crystal (PDLC) has been analytically explored for this purpose in the past [3], [4]. 

In Fig. 1.1 the maximum torque possible is seen with the spacecraft on the right 

side, which is varying from transmission to reflectance, whereas the spacecraft on the left 

is varying between absorption and reflection.  This is in part due to reflection causing the 

largest radiation pressure P1, followed by absorption P2, and almost no radiation pressure 

with transmission P2. Thus, simply put 𝑃" > 𝑃$ > 𝑃%. Resulting in that (𝑃" − 𝑃$) <
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(𝑃" − 𝑃%). Meaning that the spaceship on the right will have a greater torque and thus 

ability to control trajectory. 

 

Figure 1.1: Schematic of a solar sailing spacecraft from the side. Solar sails are off to the 
side whereas the modulating portions are gray, yellow and white rectangles. Yellow 
rectangles represent perfect reflectivity using the greatest pressure P2. The gray rectangle 
is absorbing and has radiation pressure P1. The white rectangle is transparent with a very 
small radiation pressure P3. 𝜏$ and 𝜏" denotes the torque caused by the different optical 
pressures on the two sides of each space craft.  
 
 
1.2 Background on Space Applications of Radiation Pressure 

One of the primary space applications for optical force caused by radiation pressure 

is the solar sail. Solar sail functions by utilizing the radiation from the sun to propel the 

spacecraft through space. The mechanisms for which this occurs are photons absorbing 

into whatever craft is being pushed through space or reflecting off of it. The change in 

momentum of these particles endows a small force that can be utilized to propel a 

spacecraft. Past applications of this phenomenon are explored here. 

Funase et al. [2] working with Japan’s NASA equivalent, JAXA  developed a solar 

sail named the IKAROS (Interplanetary Kite-craft Accelerated by Radiation Of the Sun). 

This was a spinning type of solar sail. The spinning type solar sail uses rotational 

acceleration as the force to hold it in an extended position. The other kind is the rigid type 
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solar sail. This is something that has a rigid skeleton that holds the solar sail open. The 

JAXA’s IKAROS Mission was a spin type solar sail, which utilized a phase change 

material switched from diffuse reflection to specular reflection.  Funase et al. [2] show that 

the diffuse reflection is 2/3 of the specular reflection under the same conditions 

contributing to radiation pressure. This in a physical sense is due to diffuse reflection 

perpendicular components not contributing to the pressure in the direction of the beam.  As 

a consequence, the amount of optical pressure felt by the solar sails would be changed. 

This subsequently allowed them to steer this solar sail using a control system that would 

electrically change the reflectivity of the material. It is well known that the diffuse 

reflectivity will produce less force and spectral reflectivity. This can be shown through 

theoretical equations and will be done later in this paper. This paper goes on to explain how 

using solar radiation pressure imbalances created by electrical charges changing the phase 

change material on the outer edge of the rotating solar sail allows the ability to maneuver 

the solar sail in space. The maneuverability of the solar sail is done without any oscillations, 

which is one of the main concerns with using conventional boosters on the body of the 

spacecraft. This then allows the solar sail to eliminate the oscillations as one of the biggest 

limiting factors previously.  

Ma et al. [5] used liquid crystal films which switch between the transmissive on 

state and the opaque off state. They claimed that using these liquid crystals, it was able to 

outperform the IKAROS Mission by a factor of four. This showed a 53% change in 

radiation pressure with a modulation of 0.5 µN/m2. This outperformed IKAROS that had 

a 7.8 % change in radiation pressure with a 0.11 µN/m2. This work only calculated over 

the range of 400–1100 nm for the solar spectrum. Theoretically the difference in optical 
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pressure between perfectly transmissive would have an optical pressure of zero. Changing 

to opaque typically means it is absorbing or reflecting all of the energy. This will have a 

greater pressure difference than the previous two: diffuse reflectivity and spectral 

reflectivity. In this paper he derives these optical properties to calculate from pressure 

differences from first principles. 

Taylor et al. [6] published a conference paper focused on optical force space 

application of vanadium dioxide (VO2), a phase change material that changes from an 

insulator to metal at a temperature of 341 K. Below this temperature VO2 is dielectric and 

above this temperature it is a metal. This paper went into a theoretical design for a space 

application of the phase change structure, which utilized a Fábry Perot cavity as well as an 

anti-reflective surface on the top. A gold layer was considered as the top of the Fábry Perot 

cavity, vanadium dioxide (VO2) was used as the middle dielectric layer depending on the 

temperature, and a thick tungsten bottom layer was used as a mirror. This succeeded in 

producing a 20% change in optical force between the insulator-to-metal states and a 

radiation pressure change of 1.8 μN/m2.  

Some materials show significant promise in optical force applications such as 

niobium pentoxide (Nb2O5). The literature indicates that this material both switches states 

thermochromically and electrochromically. There are many studies on this material as well 

as different applications. The level of switching is enough to be a promising material to 

explore further and thus is listed here. However, as research was conducted the realization 

that a comprehensive set of data in both transition states has not been recorded in the 

literature to our knowledge to date.  
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Tungsten trioxide (WO3) has not as of yet been fully explored in optical force 

applications. However due to its electrochromic property that allows it to change from a dark 

to a light material by changing its optical properties in the presence of an electric potential, 

tungsten trioxide has been explored for application in smart windows. One paper describes 

the necessary circumstances to see an electrochromic behavior occur. Electrochromic is 

more than just a monolayer of WO3 it is several layers one of which is WO3 and typically 

referred to as the active layer. To elicit a response in WO3 two particles need to be inserted 

into the lattice structure. First a positive ion such as Li+ and H+ and second an electron to 

balance out the charges. Both the cation and electron will migrate into the lattice structure of 

WO3 changing its structure when electrical potential is applied [7]. There are several 

architectures that have been used in smart window applications. It is believed that this 

phenomenon can be taken advantage of for optical force applications and to achieve 

comparable or better performance than those with vanadium dioxide (VO2) and polymer 

dispersed liquid crystal (PDLC). 

 

1.3 Background on Potential Phase Change Materials  

There is a significant body of research on vanadium dioxide. The optical properties 

are measured and fit with models. Some of the seminal work in this area was first done by 

Barker et al 1966 [8] where he measured the optical properties of vanadium dioxide in the 

infrared range that is between 100 to 20000 cm-1.  This corresponds to 100.00 µm to 

0.50 µm. The properties were calculated both above and below the transition temperature 

of vanadium dioxide which is at 341 K. This same group published the second paper 

VERLEUR et al 1968 [9] where they focused on the visible range between 0.25 and 5 
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electron volts which corresponds to 4.96 µm to 0.25 µm. They also measured optical 

properties of vanadium dioxide above and below the transition temperature. They briefly 

discussed the physical lattice change in vanadium dioxide that results in a property change 

from a semiconductor to a metal. This gives us an experimentally derived model of 

vanadium dioxide through the infrared and visible range.  

Taylor, et al. 2019 [6] explore the extraction of optical properties from vanadium 

dioxide, verifying the pureness of VO2. In X-ray diffraction they found that between the 

two phases there was a 57% change at the wavelength of  λ = 2.5 µm as well as a 7% 

change in transmittance over the entire visible spectrum. They also experimentally found 

that the phase changes over in the 20 K range from 345 K to 325 K. 

Polymer Dispersed Liquid Crystal (PDLC) Ma et al. 2016 [6] has been explored 

here for their solar sailing applications. This was a ground-based study that used the 

IKAROS Mission as a benchmark to beat. PDLC has the ability to switch from transparent 

and scattering states, which greatly changes the optical pressure output and they claimed 

they would outperform the IKAROS Mission by more than four times. This was done using 

the ability of liquid crystals to switch from an opaque to a transparent material with only 

the application of an external electric field. In this study the external electric field applied 

to their samples was 100 V. The way that PDLC films function is that they consist of liquid 

crystal microdroplets that are mixed with the polymer matrix. This results in crystals that 

are polarized with a positive and negative portion and will align when the electric field is 

applied. The crystal becomes clear when the external electric field is applied. When the 

crystals are randomly dispersed, they appear opaque. The heat transfer significance of this 
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is that no heat transfer occurs if a material is perfectly transmitting.  The heat transfer is 

much greater if the surface is opaque. PDLC has great potential in optical force application. 

Niobium pentoxide Nb2O5 is a material that shows great promise as a phase change 

material that may be well suited for control of optical force. However, after a literature 

review further studies on optical properties at both its states are needed before analytical 

analysis of its use in such application can take place. Brief review of niobium pentoxide 

Nb2O5 is as follows. 

Braga, V. S., et al 2018 Explored niobium pentoxide on silica -alumina Nb2O5 /SiO2 

Al2O3 This used a variety of imaging techniques to look at the four different types of 

crystalline structure found in niobium pentoxide. These crystalline structures are hexagonal 

(TT) orthorhombic ( t or upsilon) , Monoclinic( M of Bate), and monoclinic ( H or alpha). 

The Nb2O5 weight changes upon heating. An analysis of temperature increases in the 

sample Nb2O5 /SiO2 Al2O3 With increasing percent mass of niobium pentoxide, results 

found that there was a phase change at around 1364°C. Further results indicated that 

predominately orthorhombic (T) and monoclinic (H and M) were observed with doped 

Nb2O5 which contrasts with pure Nb2O5 which would result in monoclinic phase (H) under 

the same conditions [10]. 

Chudnovskii, F A, et al. 1996. explored oxides of transition metals including Nb and 

V both of which are of interest in controllable reflectivity of surfaces. This paper was 

looking at the phenomenon of S shaped resistance curve on an I – V diagram. This is 

presumably caused by the phase of the material as it changes from one phase to another 

due to heating and or voltage running across the material. The results showed that they 

quantify that there was some temperature To that if above there was no switching observed. 
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This is because the material has already transitioned to a metal from an insulator. This 

temperature was different in each transition metal 120 K for Fe3O4, 340 K for VO2, 500 

K for Ti2O3, and 1070 K for NbO2. Proving that NbO2 as well as other materials phase 

transition with current application as well as increased temperature [11]. 

Emmenegger, & Robinson in 1968 goes over the dielectric properties in different 

crystal states calculating the dielectric constant and reflective index. However, this paper 

only focuses on very large wavelengths between 2 and 100 MHz. These numbers roughly 

estimate 15m to 2m which are very large wavelengths close to radio frequencies.  Thus, 

these optical constants are unlikely to be accurate for the visible and near infrared region 

of the electromagnetic scale [12]. 

As with many phase change materials in recent years they have been explored for 

their uses in smart windows. Niobium is no exception to this rule and was explored by 

many researchers including Ulrich, Stephan, et al 2016 [13] with titanium niobium mixed 

oxide films. The transmitted and reflections of these doped niobiums found a large change 

in these properties with the application of both negative and positive voltage across the 

layered material made [13]. 

The electrochromic properties of tantalum pentoxide doped niobium pentoxide are 

explored here. Most importantly they also had a 0% doped sample meaning it was pure 

niobium pentoxide. This would allow the optical properties to be pulled out of this for 

niobium [14]. The data provided is all below the transitional temperature, and none is 

provided above the transition temperature. This prevents the use of these properties to 

explore optical force modulation. This information can also be found on the website: 

refractiveindex.info [15]. 
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Literature review of tungsten trioxide, WO3 provides good insight into how to make 

an electrochromic layer change states.  Jaing et al. [16] published this paper focusing on 

investigating optical constants of WO3, NiO, and Ta2O5 thin films. The thin films prepared 

by electron beam evaporation and measured using spectroscopic ellipsometry showed 

results agreeing with the calculated optical properties.   

An electrochromic material was explored in a TC/EC1/IC/EC2/TC. Where each of 

these are a layer such that TC = transparent electrical conductor, EC1 and EC2 are the 

electrochromic layers, and IC is the ion conductor. The EC1 and EC2 can be the 

electrochromic materials that may or may not store ions. Bypassing voltage crossed EC1 

and EC2 causing ions to move from EC1 through IC to EC2 or vice versa depending on 

the direction of voltage. This changes the transmittance of the electrochromic device. By 

adding an electric current one can change the optical properties of the device.  

WO3 and NiO were used as the EC1 and EC2 electrochromic layers. The IC was 

tantalum pentoxide (Ta2O5). The lower layer of TC was a  reflective layer of aluminum AL 

and the top TC layer was a transparent conductive indium tin oxide (ITO) film [16]. 

ViolBarbosa et al 2016 [17] focused on the electrochromic properties of tungsten trioxide, 

WO3. There was a short discussion of ways to manipulate WO3 properties by doping it 

with electro positive elements such as Rb, K or Cs, and H which can result in converting 

this insulator into a metallic conductor or even a superconductor. WO3 transmitted can also 

be manipulated by adding cations such as H+ or Li+. This paper goes on to explain and 

explore a way of liquid electrolyte gating. Ionic liquid gating has been shown to suppress 

the metallic to insulator transition. Ionic liquid gating has been shown to cause structural 

changes in VO2. This paper goes over the structural changes found in WO3 with the 
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modification of the energy bands. This can result in a transparent conducting oxide. To 

accomplish this a process of placing a droplet of 1-hexyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)- imide (HMIM-TFSI) directly on the surface of WO3. The 

voltage of 3 V was applied across the surface for 10 hours. Then this liquid was cleaned 

off the surface and measurements were taken. The measurements were taken before, right 

after, and then a significant time after the liquid gating took place. Results found that the 

electric gating process resulted in a crystalline structure that weakened the oxygen bonds 

of WO3. This allows the favoring of weakened covalently bonded oxygen and trapped non-

bonded oxygen. The authors suggest that phenomenon of tendencies towards metallic 

behavior is caused by electronic transfer from weakly bonded oxygen to new in-gap states. 

This causes an overlap with the bottom of the conduction band resulting in the metallic 

behavior. These restrictions cause absorption outside the visible range, making this a 

potential. In the paper written by ViolBarbosa et al. (2016) [17] they produced their 

samples in the following way. Laser deposition was used to grow epitaxial WO3 single-

crystalline films in a LaAlO3 substrate. A laser running a pulse rate of 4 Hz and with an 

energy density of ∼0.7 J cm-2 and 7.1cm from the polycrystalline WO3 was targeted at 750 

°C ViolBarbosa et al. (2016) Supporting Information [17]. To expand this process pulsed 

laser deposition will be explored in more detail here.  

Pulsed laser deposition is a simple method in which a high-power laser beam is 

directed into a vacuum chamber and is incident on the material that one would like to create 

a thin film. The instant laser energy is converted and creates a plasma plume. This thin 

deposit on the substrate is typically held above the target material that the laser is hitting. 
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This well-known technique creates simplicity and versatility in creating thin films of a vast 

array of materials and has made it popular today with multilayered structures [18]. 

Piccolo et al 2015 and 2016 published two papers; the second expanding upon the 

first, on the performance possibilities of smart window glazing. Some of the performances 

analyzed were switching voltage, switching speed, optical memory, optical transmittance 

coefficient, source keychain, reflecting coefficient, and thermal transmittance. This paper 

discussed low energy western facing voltage draws of large window devices that also have 

an optical memory defined here.  After voltage is applied to change the optical properties, 

the device will remain at that changed state for extended periods of time, here greater than 

10 hours. This produces the energy needs to the device in question. Architecture for the 

smart window device was Glass/SnO2:F/WO3/PEO:Li/NiOH:Li/SnO2:F/Glass. 

The layers start with the active layer which is tungsten trioxide which was sputtered 

coated on. The ion storage layer is a nickel hydroxide film electronically deposited and 

then treated by insertion of lithium ions by cyclization in a saturated LiOH 1 N electrolytic 

solution. The layer between the two is a polymeric electrolyte which also uses lithium that 

is dissolved. This whole device is sandwiched by transparent conductive layers that 

function as the two voltage terminals the cathode and anode.  

The ion storage layer and the active layer have electrochromism properties that 

complement each other. As the voltage is passed through the multilayered structure with a 

negative electron moving in to the active layer, this side is called the working side or 

cathode and the NiOH:Li is known as the anode. This voltage causes cations to move 

through the ion conductor and into the active material, here tungsten trioxide changing the 

optical properties. Consequently, tungsten trioxide as well as nickel oxide complement 
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each other meaning that as one bleaches so does the other. This effect can be reversed by 

reversing the voltage. This paper shows that the optical memory (after voltage is applied 

how long the material’s optical changes last) is greater than 10 hours. This architecture 

shows great promise for smart window devices and may also serve for other optical coding 

in the future [19], [20]. 

After substantial literature review it was found that there was no suitable data set 

available for both states of niobium pentoxide Nb2O5. In further chapters Nb2O5 is not 

explored further due to a lack of data to use it in the mathematical models used. Fortunately, 

tungsten trioxide’s, WO3 literature review resulted in data sets. Each of these data sets 

included data for both states before and after transition. The first data set was from Jaing 

et al 2013 [16] and was over the wavelength of 0.4 µm to 0.7 µm. This is essentially the 

visible range of the electromagnetic spectrum and does not contain the majority of solar 

radiation. The second data set by ViolBarbosa et a. (2016) [17] was obtained which went 

from 0.4 µm to 1.6 µm. This range contains roughly 80% of the solar energy. In subsequent 

mathematical models ViolBarbosa’s data for tungsten trioxide, WO3 is used. 

 
1.4 Objectives 

Tungsten trioxide (WO3) is an electrochromic transition metal that has a phase with 

the application of electrical voltage. This is changed by injection of positive ions such as Li+ 

and H+ and an electron to balance the charge into the host material, i.e., WO3. This migration 

changes the lattice structure significantly enough to change the optical properties to be 

lightening or darkening. This makes WO3 a good candidate for tunable radiation coating that 

will allow control of optical force applied to a spacecraft [7]. Phase change properties of WO3 
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have been taken advantage of by many smart window applications. However, to date there 

has been no literature on using WO3 radiation pressure or optical force applications. It is this 

gap in optical force of WO3 literature that this paper hopes to fill. 

This thesis plans to do the systematic approach to this end, starting with a brief 

literature review in chapter 1, followed by a discussion in chapter 2 of materials optical 

properties n and k, and the theory to model the radiative properties of thin-film structures. 

Chapters 3 and 4 will be an exploration of material structures layering of different materials 

in order to achieve the greatest change in optical force between the gated (bleached) state and 

the ungated (colored) state. This exploration takes a step-by-step approach, first looking at a 

single layer of tungsten trioxide, followed by a WO3 thin film deposited on either aluminum 

as an opaque surface or silicon as a semitransparent surface. The last is a tri-layered structure: 

tungsten trioxide, then silicon as the middle layer on an aluminum base layer (WO3/Si/Al), or 

tungsten trioxide, then silicon as the middle layer and tungsten trioxide as the base layer 

(WO3/Si/WO3). Both of these two utilize a Fábry-Perot cavity increasing reflectivity in one 

of these states. 

A Fabry-Perot cavity is one of the architectures explored in the chapters to come. 

Fabry-Perot cavities consist of a thin metallic layer followed by a dielectric material, followed 

by a thick metallic layer. Incident electromagnetic waves at certain frequencies will get 

trapped between the two metallic surfaces thus increasing the absorption of those 

wavelengths. In addition to the Fabry Perot cavity there is also several layered structures that 

will be explored throughout this paper. Regardless of the architecture, the analysis will use a 

similar approach.  
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These optical properties of each material in a multilayered sample will be used to 

simulate the optical force created by electromagnetic waves in the visible and infrared 

spectra. This will then be used to maximize the difference in optical force between the 

bleached and colored states. By maximizing the pressure differences, one allows the 

spacecraft to have the most maneuverability.  

In order to maximize the change seen in the Fábry Perot cavity, WO3 is utilized as 

either the upper layer or both the upper and lower mirrors. WO3 is capable of changing from 

the typical “colored” absorbing state to a semitransparent “bleached” state by applying voltage 

across WO3. In order to apply this full voltage and thus have the change in optical effect 

several very thin layers are necessary of transparent conductors, ion conductive layer and the 

ion storage layer. These associated layers are not taken into account in the optical model 

presented here. 
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CHAPTER 2 

OPTICAL PROPERTIES & THEORY 

 
Chapter 2 goes over the theory behind radiation pressure and optical force starting 

in Section 2.1 with a derivation of the radiative pressure equation in terms of 𝑞- and 𝑞./0, 

reflection and absorption respectively. Section 2.2 briefly describes the optical properties 

used in this system as well as where they were obtained from. Section 2.3 briefly goes over 

how to calculate reflection and absorption from the optical properties themselves at a single 

interface between two semi-infinite materials. Then section 2.4 goes into depth on how to 

theoretically model the spectral radiative properties for multilayer thin film structures.  

 

2.1 Radiation Pressure Calculation 

First, we have to go back to electromagnetic wave theory: in addition to being viewed as a 

wave, the electromagnetic spectrum can also be viewed as a particle which has a certain 

speed and a certain energy associated with it. Viewing this particle to have energy and 

velocity, it is then possible to calculate the momentum it has as a particle. Based on 

Einstein’s equation E = Mc2, we can find its theoretical mass for this thought experiment. 

Three scenarios are explored in absorption, reflection and transmission. 
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Figure 2.1: An incident photon (1) is shown hitting thin film, which will either be reflected 
(2) or transmitted (3) or absorbed not shown since it does not leave the control volume 
(CV). Pm,i, Pm,R and Pm,T are the momentum of the incident, reflected and transmitted 
photons respectively. 
 

Taking the momentum balance of Figure 2.1we see that we achieve the total 

momentum to be equation 2.1.2. 

𝑝2,454 = 𝑝2,7 + 𝑝2,9 − 𝑝2,:     (2.1.2) 

In equation 2.1.2 𝑝2,7 represents the momentum transferred to the control volume 

by the incident photon (1). 𝑝2,9 represents the momentum added to the control volume of 

a photon leaving by reflection (2). 𝑝2,9 represents the momentum lost from the control 

volume of a photon leaving by transmission (3). This is assuming momentum is defined as 

positive to the right-hand side. Knowing that 𝑝2,7 = 𝑝2,9 + 𝑝2,: + 𝑝2,; then it can be 

rearranged to 𝑝2,7 − 𝑝2,: = 𝑝2,9 + 𝑝2,; and thus can be plugged in to equation 2.1.2 

simplifying it to equation 2.1.3. 

𝑝2,454 = 𝑝2,9 + 𝑝2,9 + 𝑝2,; = 2𝑝2,9 + 𝑝2,;   (2.1.2) 
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Another equation for momentum: Force times change in time equals momentum, 

seen in this equation 2.1.3. 

𝑝2 = 𝐹 × ∆𝑡	     (2.1.3) 

In this equation, F represents force, ∆𝑡 represents change in time. We also know 

that Energy equals force over a distance equation 2.1.4. 

∆𝐸 = 𝐹 × ∆𝑥	     (2.1.4) 

In this equation ∆𝑥 represents the change in distance. Solve an equation 2.1.4 for 

Force	𝐹 = ∆𝐸/∆𝑥 and plugging this into the equation 2.1.3 we get equation 2.1.5. 

𝑝2 = ∆E
∆F
× ∆𝑡	= ∆E∆G

∆H

       (2.1.5) 

It is then possible to substitute velocity for ∆F
∆4

 which is of course the speed of light. 

So, we will replace it with the speed of light C. This then gives equation 2.1.6. 

𝑝2 = ∆E
I

     (2.1.6) 

Thus, the momentum of an absorbed electromagnetic beam in terms of known 

values. The radiation pressure form absorption is found next. Starting from the most basic 

equation for pressure which is equation 2.1.7. Where 𝑃J is the pressure and A is the area. 

𝑃J =
K
;
      (2.1.7) 

Rearranging equation 2.1.2, 𝐹 = 	𝑃2/	∆𝑡 and plugging into equation 2.1.7, 

equation 2.1.8 is achieved. 

𝑃J =
JL
∆4

$
;
     (2.1.8) 

Plugging in for change in momentum, using equation 2.1.6 results in refined equation 2.1.9. 

𝑃J =
∆E
∆4

$
;I

     (2.1.9) 
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Pulling out ∆E
∆4

 from equation 2.1.9 it is seen that this is equivalent to Qrad, radiative 

heat transfer. This leads to ∆E
∆4

$
;
= MNOP

;
= 𝑞-.Q where 𝑞-.Q is basically radiative heat flux 

with units of [W/m2]. Furthermore  𝐺 = 𝑞-.Q where G is solar irradiance and is equal to 

radiative heat flux in [W/m2].  Thus equation 2.1.9 can be rewrote as 𝑃J,; = 	𝑞-.Q
$
I
 then 

rearranging equation 2.1.6 and plugging it in to equation 2.1.9 we get equation 2.1.10. 

𝑃J =
$
I
	S ∆E
;	∆4

T = $
I
	SJL×I

;	∆4
T = $

I
𝑞-.Q   (2.1.10) 

And finally plugging in the momentum balance, equation 2.1.2 into equation 2.1.10 

it is found that each component of momentum, reflection and absorption can be converted 

to its associated heat flux, equation 2.1.11. 

𝑃J =
$
I
	S"JL,N	×IUJL,OVW×I

;×	∆4
T = $

I
X2 SJL,N×I

;	∆4
T +	SJL,OVW×I

;	∆4
TY   (2.1.11a) 

𝑃J =
$
I
(2𝑞- + 𝑞./0)      (2.1.11b) 

then substituting 𝑞./0 = 𝛼 × 𝑞-.Q and 𝑞- = 𝜌 × 𝑞-.Q where 𝑞-.Qis the radiative 

heat flux on the surface and 𝛼 and 𝜌 are the absorptivity and reflectivity equation 2.1.12 is 

found [21]. 

𝑃J =
$
I
𝑞-.Q(2𝜌 + 𝛼)      (2.1.12) 

Material with a reflectivity of 𝜌 and an absorptivity 𝛼 could simply be represented 

by the 𝑞-.Q. We did not realize that we are calculating the simple list form of this equation 

having an incidence of zero and a view angle equaling to one, and for a single wavelength.   

It would follow that finding the total hemispheric reflectivity, and total hemispheric 

absorptivity would make equation 2.1.12 useful. The equation for the total hemispheric 
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reflectivity is equation 2.1.13 and 2.1.14, respectively total hemispheric reflectivity and 

total hemispheric absorptivity [21]. 

𝜌 = ∫ ]^ ∫ 7^ _`a(b)
	
cd

e
f ghQi

∫ ∫ 7^ _`a(b)
	
cd

e
f ghQi

     (2.1.13) 

𝛼 = ∫ ∫ j^
k 	7^ _`a(b)

	
cd	

e
f ghQi

∫ ∫ 7^ _`a(b)
	
cd

e
f ghQi

    (2.1.14) 

Equation 2.1.13 for total hemispheric reflectivity 𝜌i	represents the spectral reflectivity, the 

reflectivity at each wave. In both equation 2.1.13 and 2.1.14 𝐼i represents the solar intensity 

which is closely related to radiative heat flux and is for each wavelength individual and 

therefore the units are [W/m2/Sr] for solar intensity 𝐼i. The cos(𝜃) is the direction of the 

incoming radiation. dΩ is the view angle. In equation 2.1.14 𝛼is  is the spectral directional 

absorptance.   

 
2.2 Optical Properties 

Throughout the exploration of modulating optical force, many structures will be 

explored and will be expanded upon in future chapters. Here optical properties of each 

material used in these structures are presented. The n and k are both presented for each 

material. Furthermore, if this material changes state, both the states are shown on one n 

and k graph. Optical properties are the core of each material and being able to view their 

properties versus wavelength allows a more comprehensive understanding of how they 

may interact and be used in future architectures. 

Although some of the optical properties are found utilizing extracted data from past 

experiments and inputting the oscillators for either the Drude model, Lorentz model or a 

combination of the two, the vast majority are collected directly from the data provided and 
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past papers, and use a simple interpolation scheme to find the continuation of each line. 

The n and k graphs of materials used in this study are shown here. 

Following is an important equation to be familiar with relating the optical properties 

in the previous section n and k to that of the permittivity used in many models to come. 

Equation 2.2.2 is exactly such an equation [21]. 

𝜀 = (𝑛 + 𝑖𝑘)"        (2.2.2) 

In Equation 2.2.2 permittivity is noted by 𝜀. It is noted that 𝑖 is an imaginary 

number. Thus, we find the complex permittivity which becomes very useful in models to 

come. This serves as a very quick overview to better understand what n and k represent on 

each graph. 

The next three graphs depict the refractive index (n) and the absorptive index (k) 

for aluminum (Al), silicone (Si) and tungsten trioxide (WO3). 
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Figure 2.2: Aluminum (Al) refractive index (n) and absorptive index (k) over wavelengths 
0.4 to 1.6 µm. Refractive index (n) solid blue line, absorptive index (k) solid red line [22]. 
 

Aluminum has a relatively high reflective index. At 0.4 µm it is approximately 5 

and this continues upward consistently so that by 1.6 µm n is above 16. Aluminum is very 

reflective especially at higher wavelengths. Absorptive index is consistently increasing 

until around 0.82 µm where there is a relative maximum. After this maximum the k declines 

until 1.1 µm then inclines slowly to 1.6 µm. 

 

Figure 2.3: Silicone (Si) refractive index (n) and absorptive index (k) over wavelengths 0.4 
to 1.6 µm. Refractive index (n) solid blue line, absorptive index (k) solid red line [23]. 
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Silicone’s reflective index is almost constant across the spectrum, observed here 

from 0.4 µm micrometers to 1.6 µm. But the reflective index of roughly 3.5 is the 

reflectivity and is not great and thus is considered to be semitransparent. Absorption index 

is also important and plays a key role in equation 2.2.7 for transmissions through a material. 

𝜏 = 𝑒yz{|c/i     (2.2.7) 

In equation 2.2.7 absorptive index is k and 𝜆 is the wavelength of incident light. 

This shows that the absorption index increases as the transmission decreases and thus the 

absorption must increase. Thus, it becomes apparent that silicone absorbs very little and 

therefore has a very small absorption index 

 

Figure 2.4: Tungsten trioxide (WO3) refractive index (n) and absorptive index (k) over 
wavelengths 0.4 to 1.6 µm in both the colored and bleached states. Refractive index (n) 
solid line, absorptive index (k) solid line. The bleached state is in blue and the colored state 
is in red [17]. 
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For tungsten trioxide we see that the bleached state has a slightly higher index of 

reflection meaning that it will reflect incrementally more. However, WO3 in its bleached 

state also has a lower index of absorption which is almost zero which would indicate that 

as light passes through, it hardly absorbs anything allowing the rest of pass-through 

untouched. This would make sense since it is quite transparent in its bleached state and is 

the reason it has been looked at for smart window applications. In the colored state it has a 

lower reflective index but a significantly higher absorptive index at higher wavelengths. 

 

2.3 Reflection and Transmission Theory of Single Interface 

With the optical properties, n and k found, it is important to now use these defined 

terms, reflection, absorption, and transmission between the two surfaces or through a 

surface so that structure’s optical reflection absorption can be found. To find this we first 

have to find reflectivity which is broken into a real and imaginary component. These are 

often turned parallel for real and perpendicular for imaginary referring to the axis’s of the 

real and imaginary plane cross. To calculate reflectivity it is also broken into a real and 

imaginary component. Fortunately, it can be summarized in the case of a normal incidence, 

the real and imaginary parts. So that the real and imaginary are the same equation 2.3.1 

[21]. 

𝜌~ = 𝜌∥ =
(��y�c)cU|cc

(��U�c)cU|cc
       (2.3.1) 
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In the equation 2.3.1 the subscripts represent material one and material two optical 

properties. The parallel and perpendicular components of reflectivity can be added together 

to get total reflectivity by simply using equation 2.3.2 [21]. 

𝜌$" =
$
"
(𝜌~ + 𝜌∥)     (2.3.2) 

This equation can then be used to show the reflection of the single material and expanded 

upon to account for multiple materials. 

 

2.4 Theoretical Model for Multilayer Thin Film Structures  

The procedures needed to calculate spectral radiative properties in indirect method 

are used here and are based upon Wang. et al [4].  The more commonly used indirect 

method calculates the hemispherical reflectance and uses this to find the spectral 

directional emissivity.  

The energy conservation which states that 𝛼�s + 𝑅�s + 𝑇�s = 1. Here it is quite clear 

to see that if the material is opaque there will be no transmissions through the material and 

as a consequence 𝑇�s = 0 and the energy balance becomes much simpler 𝛼�s = 1 − 𝑅�s . 

This can be seen by using the generalized Kirchoff law. We know that spectral directional 

emissivity and spectral directional absorptivity are equivalent 𝛼�s = 𝜀�s . 

The Fabry–Pérot resonance cavity is used as an example, which is of particular 

interest since its architecture is being considered for the study’s purpose. The emittance of 

a Fabry –Perot cavity can be calculated by summing the emissivity of the black body 

intensity for each of the layers. 
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Figure 2.5: Shown are multilayered thin films. Far left is a simplified illustration showing 
spectral directional intensity interaction with the surface.  All are showing transmitted, 
reflected, absorbed components of the incidence beam. Looking closer this is a stack of 
multiple thin layers. In the middle we have a semitransparent multilayered structure, and 
on the far right we have a multilayered structure with an opaque base.  
 

The indirect method was utilized in our MATLAB based model. The indirect 

method only involves calculating the reflectance and transmittance of the structure in 

question. Looking at an electromagnetic wave that is incident on a multilayered structure 

single angle 𝜃. Assuming each layer is homogeneous and isotropic, we can then model a 

TE wave at 𝜔 and being in the Jth layer of the structure.  

𝐸� = 𝐸��𝑦� = 𝐸�(𝑧)𝑒�(�Fy�4)𝑦�        (2.4.2) 

Maxwell’s equation can be used to find the magnetic field as follows: 

𝐻 = $
�����

∇ × 𝐸 = $
�����

S− QE�
Q�
𝑥� + QE�

�F
�̂�T       (2.4.3) 

The pointing vector can be calculated after the magnetic and electric fields have 

been found. The component of the pointing vector in the z direction is as follows:  

𝑆$� =
��

"��f
(𝐴$𝐴$∗ − 𝐵$𝐵"∗)       (2.4.4) 

And  
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𝑆�� =
$
"
𝑅𝑒 �

��
∗

��f��
∗ (𝜓$ − 𝜓" − 𝜓%)�      (2.4.5) 

Here the 𝜓	were defined as follows. 𝜓$ = �𝐴��
"𝑒"	9 ¡���¢¡�y��£�¢, 𝜓" =

�𝐵��
"𝑒"	9 ¡���¢¡�y��£�¢, and 𝜓% = 2𝑖	𝐼𝑚¥𝐴�𝐵�∗𝑒"	72¡���¢¡�y��£�¢	¦. Then after applying all of 

the boundary conditions the equation can greatly be simplified to the matrix form as 

follows.  

X
𝐴�
𝐵�
Y = 𝑃�𝐷�y$𝐷�U$ X

𝐴�U$
𝐵�U$

Y      (2.4.6) 

The 𝑃� is defined in the following way and is the propagation matrix. 

𝑃� = S1 0
0 1T when j=1      (2.4.7) 

And  

𝑃� = X𝑒
y���Q� 0
0 𝑒���Q�

Y when j=2,3,…    (2.4.8) 

 

The 𝐷�is defined in the following manner and is the dynamic matrix. 

𝐷� = ¨
1 1

𝛾�
𝜇�« −𝛾�

𝜇�« ¬ when j=1,2,3, …      (2.4.9) 

It then can be shown that:  

X𝐴$𝐵$
Y = 𝑀X𝐴®𝐵®

Y       (2.4.10) 

Then the M must be the following:  

𝑀 =	∏ 𝑃�𝐷�y$𝐷�U$®y$
°y$        (2.4.11) 

Then we can find the transmissive and reflective coefficient.  
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𝑡 = 	 ;±
;�
= $

²��
       (2.4.12,a)  

	𝑟 = 	 ´�
;�
= ²c�

²��
          (2.4.12,b) 

The spectral directional-hemispherical reflectance then is defined as the following:  

𝑅�s = 𝑟𝑟∗ = µ²c�
²��
µ
"
			           (2.4.13) 

And the spectral directional-hemispherical transmittance is:  

𝑇�s = 	
9 ¡�± �±« ¢

9 ¡�± �±« ¢
	𝑡𝑡∗ =

9 ¡�± �±« ¢

9 ¡�± �±« ¢
µ $
²��

µ
"
     (2.4.14) 

And finally, we can get the following  

𝛼�s = 1 − 𝑇�s − 𝑅�s      (2.4.18) 
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CHAPTER 3 

OPAQUE STRUCTURES 

 
3.1 Solar Spectrum 

 
In this chapter a step-by-step process is used involving several structures of 

growing complexity. Starting from the simplest possible structure, a layer of tungsten 

trioxide, WO3 at different thicknesses deposited on a layer of aluminum, these structures 

are explored. For the opaque surface such as aluminum the transmittance will be zero and 

as such is left off of the graphs completely. Next a bi-layered structure is explored, followed 

by a simple tri-layered architecture. The approaches explored in this chapter include the 

tri-layer structure construction that has a layer of tungsten trioxide on top of a thin layer of 

silica, on top of an opaque aluminum surface. These simple structures are explored, step 

by step through the design process. In this way one will be able to see how each layer 

changes the properties of the overall structure.  

Before diving into each structure, it is important to remember that in order to propel 

any structures through space a radiation source will be needed. Naturally the sun provides 

a radiation source. It is important to understand that resources do not have consistent 

radiation intensity at all wavelengths of light. Due to this, the vast majority, roughly 80% 

of the solar energy falls between 0.4 nm and 1.6 nm and for the remainder of the analysis 

it is seen that this range is used. The rationale of using such a range is twofold. First with 

80% being concentrated in a small range this is what this space device should be tuned to, 

and secondly most material property data obtained was over this range thus limiting the 

quality of the model outside of this range. 
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Figure 3.1: Extraterrestrial Solar Spectrum, over the range from 2.8 𝜇m to 4 𝜇m at one AU. 
Solar irradiation is seen to be strongest in the visible range 0.38 to 0.74	𝜇m and steeply 
dropping off thereafter. The units used on the y-axis W/m2/nm are customary to show the 
solar spectrum. However, they can be simplified to simply be W/m3 a heat flux. 
 

Solar spectral radiation 𝐼i plays a key role in the calculating of the total spectral 

reflection and for that matter transmittance. Fig. 3.1 is the solar spectrum at one AU the 

distance from the sun to the earth. Many space applications that may utilize solar sailing 

and radiation pressure modulation for steering will need to take this into account when 

calculating attitude maneuvers in deep space. For example, solar sailing is one of the most 

promising possibilities to leave the solar system. The distance of which is at 122 AU and 

will have a much smaller magnitude and may have a different profile from attenuation 

through the solar system. 
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3.2 Tungsten Trioxide (WO3) Deposited on Aluminum (Al) 

The first structure that is explored is a simple single layer opaque structure, a layer 

of tungsten trioxide, WO3 on an aluminum, Al wafer. This structure was meant to explore 

the properties of one of the simplest structures to be able to see the spectral changes 

between the bleached and opaque states. The simple structural diagrams is shown in Figure 

3.2, showing a variable layer of tungsten trioxide (WO3) on a semi incident layer aluminum 

wafer.  

 
Figure 3.2: Simple schematic of tungsten trioxide, WO3 which varies in thickness from 40 
nm to 200 nm. This is deposited on a 200 nm thick aluminum, Al wafer. Aluminum at this 
thickness is opaque so that transmittance will be zero. 
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Figure 3.3: Spectral Reflectance of WO3 on Al. A layer of tungsten trioxide, WO3 is 
increased in thickness from 40 nm to 200 nm and is deposited on a 200 nm thick aluminum 
wafer. Reflectance shown by solid line. (A) shows bleached tungsten trioxide WO3. (B) 
shows colored tungsten trioxide WO3.  
 

Observing Fig. 3.3 it can be observed that there is a significant change between the 

colored and the bleached states. In all thicknesses there is less reflection when tungsten 

trioxide is in its bleached Figure 3.3(B) when compared to the current Figure 3.3(A). As 

the thickness of the tungsten layer increases there is a decrease in the reflectivity of the 

surface. However, the change in reflectivity is greater than in the bleached state. 
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Figure 3.4: A layer of tungsten trioxide, WO3 is increased in thickness from 20 nm to 200 
nm and is deposited on a 200 nm thick aluminum wafer. On the horizontal axis the total 
reflectance is shown by solid lines, and the total transmissions is shown by dashed lines. 
The Red line represents the bleached state and the Blue line represents the colored state. 
 
 In order to calculate the total reflectivity over the spectrum an equation can be 

utilized as follows. 

𝜌 = 	
∫ 	]^	7^	Qi
�.·¸L
f.¹¸L

∫ 7^	Qi
�.·¸L
f.¹¸L

                                                (3.2.1) 

Integration in equation 3.2.1 𝜌 represents the total reflectivity. This is the 	spectral 

reflectivity (𝜌i)	multiplied by the spectral intensity mentioned earlier and is why the solar 

spectrum is so important. The model we used we utilized this solar spectrum as 𝐼i	to give 

it practical results. Integrating over the solar spectrum from 0.4 to 1.6 µm and dividing by 

the actual solar intensities integrated on its own which would be the total radiation of the 

sun over the spectrum. Thus, the result is a spectral reflectivity between zero and one, one 

representing perfect reflectivity, and zero representing here perfect absorption. 
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 It can be easily observed from this figure that the layer of tungsten trioxide, WO3 

deposited on an aluminum wafer increases in thickness causing the change between colored 

and bleached states increasing but then starting to level off around 150 nm. 

 
Figure 3.5: A layer of tungsten trioxide, WO3 is increased in thickness from 20 nm to 200 
nm and is deposited on a 200 nm thick aluminum wafer. Radiation pressure as shown on 
the left vertical axis in blue. The Blue dashed (---) line represents radiation pressure in the 
colored state. Blue solid (−)	line represents the radiation pressure bleached state. The right 
vertical axis in red is the percent change between colored and bleached structures. The Red 
line represents the percent change in radiation pressure between the two colored and 
bleached states. 
 
 In this figure the percentage change in radiation was calculated using the following 

equation. In equation 3.2.2 Pb is radiation pressure of bleached WO3 structure, and Pc is 

radiation pressure of colored WO3 structure.  

%∆𝑃 =	 |¼Vy¼½|
¼V

100%                           (3.2.2) 
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 In Fig. 3.5 it is easily observed that radiation pressure is less in the colored state 

than in the bleached state. It is also observed that as the layer of the tungsten trioxide 

increases so does the difference between the two. This can be understood better by 

observing the optical pressure creating equation 3.2.3. 

𝑃 = $
I ∫ 𝐼i(2𝑅i + 𝐴i)	𝑑𝜆

$.¿�2
À.z�2                        (3.2.3) 

 Including in equation 3.2.3 C is the speed of light, 𝐼i�is the intensity of the solar 

spectrum, 𝑅i is the spectral radiation, and 𝐴i is the spectral absorption. Transmission does 

not affect radiation pressure because it just passes through the material.  

Working with an opaque material the transmission is zero. Radiation plus 

absorption will equal one. Equation 3.3 shows us that reflection is twice as important as 

absorption in increasing radiation pressure. The bleached state shows more radiation 

pressure and is not in line with this idea to have lower radiation pressure since it also shows 

a higher level of reflection. The opposite can be said for the color state which does not have 

a lower level of reflection but will have a lower optical pressure. 

 

3.3 Tungsten Trioxide (WO3) on Silicon (Si) on Aluminum (Al) 

A three-layered opaque structure featuring a tungsten trioxide top layer, a silicon 

middle layer and an aluminum base. This structure proposed here is hoped to utilize a Fábry 

Perot cavity which is when the WO3 is in the colored state and is hoped to increase 

absorption in the physical and infrared ranges. Fabry Perot resonance occurs when two 

mirrors are utilized and light bounces between the two, in this case tungsten trioxide would 

be the top layer and aluminum would be the bottom mirror layer in the colored state. 
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Figure 3.6: Simple schematic of tungsten trioxide WO3 which varies in thickness from 20 
nm to 200 nm, the second layer is 50 nm of silicone Si, and the base is 200 nm of aluminum 
Al wafer. Aluminum at this thickness is opaque so that transmittance will be zero. 
 
 Tungsten trioxide thickness dw is varied from 20 nm to 200 nm, silicon is held 

constant at 50 nm and aluminum is relatively thick at 200 nm. Later silicon thickness ds is 

varied from 20 nm to 200 nm, tungsten trioxide is held constant at 200 nm and aluminum 

thickness dA is held constant at 200 nm.  
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Figure 3.7: A layer of tungsten trioxide, WO3 is increased in thickness from 40 nm to 200 
nm with a 50 nm Si layer in the middle and a 200 nm aluminum surface on the bottom. 
Reflectance shown by solid lines. (A) shows bleached tungsten trioxide WO3. (B) shows 
colored tungsten trioxide WO3. 
 

In Fig. 3.7 it is seen that in the bleached state there is more reflection especially at 

lower wavelengths. In the colored state observed, that reflection is only slightly decreased 

at low wave lengths and is very decreased at high wavelengths. This steep drop off is often 

seen with the use of the Fábry Perot cavity increasing absorption. However above one 

micrometer the solar spectrum drops off in intensity so that the fact of having a higher 

absorption and as a result a lower reflection is not as great as it would have been if it would 

have dropped off any lower in wavelength. 
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Figure 3.8: A layer of tungsten trioxide, WO3 is increased in thickness from 20 nm to 200 
nm with a 50 nm Si layer in the middle and a 200 nm aluminum surface on the bottom. The 
horizontal axis is thickness, the vertical axis is total reflection. The solid blue line is the 
total reflection when tungsten trioxide is in its colored state. The solid red line is total 
reflection when tungsten trioxide is in its bleached state. 
 

Here we can see the difference in reflection between the two states; colored and 

bleached increase as the thickness increases. However, after around 150 nm thick WO3, the 

lines continue to decrease but are running almost in parallel. This as a result changes 

between the total reflection and becomes almost constant as the thickness increases. 
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Figure 3.9: A layer of tungsten trioxide, WO3 is increased in thickness from 20 nm to 200 
nm with a 50 nm Si layer in the middle and a 200 nm aluminum surface on the bottom. 
Radiation pressure is shown on the left vertical axis in blue. The Blue dashed (---) line 
represents radiation pressure in the colored state. The Blue solid (−)	line represents the 
radiation pressure in bleached state. The right vertical axis in red is the percent change 
between colored and bleached structures. The Red line represents the percent change in 
radiation pressure between the two colored and bleached state. 
 

Observe from Fig. 3.9 that the bleached state has higher radiation pressure, and the 

colored state has a lower radiation pressure. As was mentioned earlier this can be explained 

by equation 3.3 that shows that reflection is twice as important as absorption in its effect 

on radiation pressure. Thus, as we did before it could be predicted that because each state 

has higher total reflection it will also have higher radiation pressure. As the thickness of 

the tungsten trioxide layer increases so does the percent change in radiation pressure which 

was calculated by equation 3.4. The trend of the percent change curve would indicate that 
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the optimal tungsten trioxide thickness would be around 200 nm or slightly above to 

maximize the change in optical force. 

With this knowledge of maximum radiation pressure changing at a thickness of 200 

nm of tungsten trioxide, this was set to be the constant and the silicone was varied from 20 

to 200 nanometers in order to observe the change in this layer.  The total reflectivity versus 

thickness of silicone, Si is graphed in Fig. 3.10. 

 

Figure 3.10: The top layer is a 200 nm thick layer of tungsten trioxide, WO3, the middle 
layer is silicon, Si varying from 20 nm to 200 nm in thickness and then the 200 nm 
aluminum surface on the bottom. The horizontal axis is thickness. The vertical axis is total 
reflection. The solid blue line is the total reflection when tungsten trioxide is in its colored 
state. The solid red line is total reflection when tungsten trioxide is in its bleached state. 
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From the Figure 3.10 it appears that reflectivity in the bleached state is relatively 

constant regardless of the thickness of silicone. However, there is some variation in the 

reflectivity of this structure with thickness in its colored state.  

 
Figure 3.11: The top layer is a 125 nm thick layer of tungsten trioxide, WO3. the middle 
layer is silicon, Si varying from 20 nm to 200 nm in thickness and then the 200 nm 
aluminum surface on the bottom. Radiation pressure is shown on the left vertical axis in 
blue. The Blue dashed (---) line represents radiation pressure in the colored state. The Blue 
solid (−)	line represents the radiation pressure in the bleached state. The right vertical axis 
in red is the percent change between colored and bleached structures. The Red line 
represents the percent change in radiation pressure between the two colored and bleached 
states. 
 

In order to observe the affect this has on radiation pressure the same variation in 

silicone thickness was graphed as well as the relative change in radiation pressure. From 

Fig. 3.11 it can be seen that there are two peaks. The first is at 20 nm of silicone which 
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allows over a 25.5% relative change. The other is much thicker at 180 nm silicone and 

produces a 24% relative change.  

The observation that varying both tungsten trioxide as well as silicone both result 

in distinct peaks and valleys. This leads to the desire to have a contour plot varying both 

WO3 and Si simultaneously to observe the interactions and show where the best results 

could be obtained. This led to the construction of Figure 3.3.7. 

 
Figure 3.12: A top layer of tungsten trioxide, WO3 varies from 20 nm to 200 nm, a middle 
layer of silicon, Si varies from 20 nm to 200 nm, and a 200 nm aluminum surface on the 
bottom.  The contour plot is of WO3 thickness, Si thickness, and percent relative change 
[%].  The Vertical axis is the thickness of the silicone, Si. The horizontal axis is the 
thickness of tungsten trioxide, WO3. The color scheme is percent relative change [%]. 
 

It is observed from Fig. 3.12 that the best results are at relatively high tungsten 

trioxide thickness as can be observed from the wider colors on the right-hand side. 

Furthermore, it is also shown that there is a bi lobed distribution for silicone showing that 
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at a relatively small thickness of 20 nm it has its maximum value over 25 percent relative 

change in radiation pressure. It is also seen that at 180 nm thickness of silicone there is a 

similar magnitude of relative change in radiation pressure.  

The two structures observed here, at first glance would yield the result that a 25% 

change occurs with the two layered structure seen in Figure 5. This would be preferable 

over a three-layered structure with a 23% change in radiation pressure. Upon further 

analysis of the three-layered structure it is found that by varying the silicone layer in 

addition to the tungsten trioxide layer, it is possible to increase the reflectivity to 25%. This 

observation can easily be seen in Figure 3.3.7 which varies both silicone and tungsten 

trioxide layers simultaneously. Observation shows that material interactions in varying 

thicknesses lead to an improved result creating opportunity for future research of these 

structures. This opens the door for further research in this area and makes tungsten trioxide 

a promising material for radiation pressure applications. 
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CHAPTER 4 

SEMI-TRANSPARENT STRUCTURES 

 
4.1 Single Layer of Tungsten Trioxide WO3 

 
In the last chapter the exploration of opaque surfaces was taken on. In this chapter 

we will explore surfaces capable of becoming semitransparent. A semitransparent structure 

offers the advantage of having a very low radiation pressure and with a phase change to a 

reflective surface could offer a high level of modulation between these radiation pressures. 

For this reason, the possibility of utilizing semitransparent structures is explored. 

Much as in the previous chapter a step by step systematic approach is taken. Starting 

from a single layer of tungsten trioxide, WO3, which is a less than realistic structure for 

practical use but a nice modeling tool to see the behavior of WO3 on its own. This is 

followed by a layer of tungsten trioxide on a layer of silicone, which leads to the tri-layered 

structure which uses the Fábry Perot resonance cavity to increase reflectivity. This will 

utilize two layers of WO3 sandwiched between layers of silicone. These structures are 

hoped to lead to a better understanding of the utilization of WO3 radiation force applications 

and the potential of utilizing semitransparent structures. 

The first structure explored is a simple single layer of WO3. This would not be a 

practical architecture for any application however it is useful  to observe reflection and 

transmission of this naked material. 
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Figure 4.1: A single layer of tungsten trioxide varying from 20 nm to 200 nm, in steps of 
40 nm.  
 

In Fig. 4.1 the simplest of structures illustrated a solo layer of concentrate outside 

and is modeled and is used to observe the reflection and transmission of WO3. 

 
Figure 4.2: Single layer of tungsten trioxide, WO3 varying in thickness from 40 nm to 200 
nm. Reflectance is shown by solid lines, and transmission is shown by dashed lines. (A) 
shows bleached tungsten trioxide WO3. (B) shows colored tungsten trioxide WO3. 
 

In Fig. 4.2, it is observed transmittance is actually significantly higher than 

reflection as a general trend in both the colored and bleached states. Furthermore, in Fig. 

4.2(A) the bleached state activity seen has thickness increases. There is a high 

transmittance and low reflection peak at low wavelengths that progresses to higher 

wavelengths as thickness increases. Fig. 4.2(B) it is seen that both reflection and 

transmission are impeded as thickness increases compared to the bleached state. These high 
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absorption peaks that can be seen in both state’s position will greatly affect the total 

reflection and transmittance.  

 
Figure 4.3: Single layer of tungsten trioxide, WO3 is increased in thickness from 20 nm to 
200 nm, on the horizontal axis. Total reflectance is shown by solid lines, and total 
transmission is shown by dashed lines. The Red line represents the bleached state. The 
Blue line represents the colored state. 
 

From Fig. 4.3 it can be said that as the layer of tungsten trioxide, WO3 increases in 

thickness the change between colored and bleached states increase, for both transmittance 

and reflectance. There is a peak in total reflectance at around 60 nm. However, there is a 

corresponding dip in total transmittance. This is seen across bleached and colored 

substances. There is a remarkably consistent difference between the reflected state of the 

colored and bleached states regardless of thickness. This data allows us to see that there 

might be an advantage to having a 60 nanometers thick tungsten layer. It also shows that 
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at higher thicknesses there is a slight increase in separation between the transmissions of 

the two states. As thickness increases there is a very slight decrease in transmittance and 

reflectance indicating that there will be an increasing absorption. 

 

4.2 Tungsten Trioxide On Silicon  

In line with a simple approach, the simplest realistic design was analyzed here. A 

layer of tungsten trioxide, WO3 which is varied in thickness in the section to come, is 

deposited on a 200 nm thick silicon wafer. This silicon is semitransparent and thus the hope 

is that we should have a realistic structure that functions between transparent and reflective 

in order to maximize solar sailing capability. 

 
Figure 4.4: A layer of tungsten trioxide varies from 20 nm to 200 nm in steps of 20 nm on 
a 200 nm thick layer of silicon.  
 

The structure is hoped to promote the transparent quality of WO3 in its bleached 

state. It is bi layered with silicon, a natural semi-conductor, which is semitransparent over 

the solar spectrum. 
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Figure 4.5: A layer of tungsten trioxide, WO3 varying in thickness from 40 nm to 200 nm 
on a 200 nm thick silicon wafers. Reflectance shown by solid lines, and transmissions 
shown by dashed lines. (A) shows bleached tungsten trioxide WO3. (B) shows colored 
tungsten trioxide WO3. 
 

A combination of silicon and tungsten each contribute their own absorption peaks 

which we see as waves in both the transmission and reflection. These peaks shift to higher 

wavelengths as thickness increases. As before there is an overarching trend as thickness 

increases transmittance and reflectance decrease. There is a noticeable difference between 

the transmittance between the colored sample (B) and the bleached sample (A). Reflection 

seems to be slightly less muted than transmission but it is still decreased. 
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Figure 4.6: A layer of tungsten trioxide, WO3 varying in thickness from 20 nm to 200 nm 
on a 200 nm thick silicon wafers. Total reflectance shown by solid lines, and total 
transmissions shown by dashed lines. The Red line represents the bleached state. The Blue 
line represents the colored state. 
 

In Fig. 4.6 it is noted that total reflection is slightly higher than total transmittance. 

However, it is also noted that as thickness increases both total transmittance as well as total 

reflection diverge from each other between the bleached and colored state. This indicates 

that with this structure increased thickness will promote higher changes in radiation 

pressure. 
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Figure 4.7: A layer of tungsten trioxide, WO3 is increased in thickness from 20 nm to 200 
nm and is deposited on a 200 nm thick silicon wafer. Radiation pressure is shown on the 
left vertical axis in blue. The Blue dashed (---) line represents radiation pressure in the 
colored state. The Blue solid (−)	line represents the radiation pressure in the bleached state. 
The right vertical axis in red is the percent change between colored and bleached structures. 
The Red line represents the percent change in radiation pressure between the two colored 
and bleached states. 
 

Observations from Fig. 4.7 yield that the rated pressure between the colored, a 

slightly higher reflectivity and the bleached, a slightly lower reflectivity, both follow the 

same general profile. As noted in the single layered structure there was a peak around 60 

nm thickness tungsten and a note was made that this might be a useful thickness for an 

application. Here again we see a relative maximum percentage change in radiation pressure 

at around 60 nm. However, this is dwarfed in comparison to that seen at 200 nm WO3. The 

trend in Fig. 4.7 would be that an even thicker layer of tungsten trioxide may provide even 

a better result than seen here. However, with the maximum percent change in optical 
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pressure of 8% this particular structure does not show much promise for an optical force 

modulation for space applications. 

 

4.3 Tungsten Trioxide (WO3) on Silicon(Si)  on Tungsten Trioxide (WO3) 

 
The idea is to increase reflection and absorption using the three-layer structure of 

WO3/Si/WO3 to take advantage of the Fábry Perot resonance cavity in the colored state. It 

is hoped that the surface of this structure and its bleached state will still act semitransparent 

and therefore have a very low optical force. 

 
Figure 4.8: A top layer of tungsten trioxide, WO3 varies from 20 nm to 200 nm, a middle 
layer 50 nm thick silicon, and a bottom layer of WO3 vary from 20 nm to 200 nm.  
 

Tungsten trioxide is functioning as both the top and bottom here in a Fábry Perot 

cavity which traps light between the mirrors and increases absorption of light. This 

structure hopes to increase the optical force during its colored state when tungsten trioxide 

is more reflective and less transparent. 
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Figure 4.9: A top layer of tungsten trioxide, WO3 varies from 40 nm to 200 nm, a middle 
layer 50 nm thick silicon, and a bottom layer of WO3 varies from 40 nm to 200 nm. 
Reflectance is shown by solid lines, and transmittance is shown by dashed lines. (A) shows 
bleached tungsten trioxide WO3. (B) shows colored tungsten trioxide WO3. 
 

In the bleached state we see a higher transmittance in the low wavelength range, 

between 0.4 - 0.6 micrometers. This disappears as tungsten trioxide increases in thickness. 

However, this could show promise in modulating radiation pressure. We do see a rise in 

reflection and a decrease in transmittance in the higher wavelengths. However, less of this 

solar spectrum is in these ranges thus it will affect total properties less. In the bleached 

state in Fig. 4.9(B) we see that there is a decreased in transmittance and much smaller 

decrease in reflectance at low wavelengths. At higher wavelength there is a dramatic 

decrease in transmittance and a decrease in reflection. 
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Figure 4.10: A top layer of tungsten trioxide, WO3 varies from 20 nm to 200 nm, a middle 
layer of 50 nm thick silicon and a bottom layer of WO3 varies from 20 nm to 200 nm. Total 
reflectance is shown by solid lines, and total transmission is shown by dashed lines. The 
Red line represents the bleached state. The Blue line represents the colored state. 
 

The trend of having more transmittance and reflectance continues in Fig. 4.10 as 

well as having the bleached state have more transmittance. However, for reflection in Fig. 

4.10 the colored and bleached states are almost on top of each other until they begin to 

separate at 120 nm thick WO3 at which point they slowly diverge with the bleached state 

having more reflection. It is interesting to note that there is the greatest degree of difference 

in reflection and transmission at around 60 nm. 
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Figure 4.11: A top layer of tungsten trioxide, WO3 varies from 20 nm to 200 nm, a middle 
layer of 50 nm thick silicon, and a bottom layer of WO3 varies from 20 nm to 200 nm. 
Radiation pressure is shown on the left vertical axis in blue. The Blue dashed (---) line 
represents radiation pressure in the colored state. The Blue solid (−)	line represents the 
radiation pressure in the bleached state. The right vertical axis in red is the percent change 
between colored and bleached structures. The Red line represents the percent change in 
radiation pressure between the two colored and bleached states. 
 

We see that the trend of the radiation pressure in both colored and bleached states 

are very similar in profile shown in Fig. 4.11. The radiation pressure decreases for both 

states until approximately 65 nm and then WO3 increases from thereafter. The percentage 

change in radiation pressure is seen to be maximum at approximately 120 nm. Looking 

back at Fig. 4.11 you will see that at around 110 nm the reflection lines between the colored 

and bleached state cross switching positions. Remembering back to equation 3.3 reflection 

is twice as important as absorption. In the current structure the colored state is the one with 

a higher optical pressure. To maintain this, we want the colored state to have the higher 



 54 

reflection. In Fig. 4.11 we see that there is a transition to the bleached state having a higher 

reflectivity and thus leading to a decrease in the difference between the optical pressures. 

Figure 4.11 also shows us that this structure has a peak and has over a 20% change between 

the radiation pressure of the colored and bleached states.  

 As we observe with our opaque structures varying the center silicon has an impact 

on total reflectivity and here transmittivity as well. Thus, we set out to vary the silicone 

layer from 20 nm to 200 nm. From the Fig. 4.11 a peak in relative change of radiation 

pressure was seen with a tungsten trioxide layer of approximately 125 nm. This led to the 

decision to use 125 nanometer thick tungsten trioxide to be held constant in the next two 

Figs. 4.12 and 4.13. 
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Figure 4.12: The top layer is a 125 nm thick layer of tungsten trioxide, WO3 the middle 
layer is silicon, Si varying from 20 nm to 200 nm in thickness and then the 125 nm tungsten 
trioxide, WO3 bottom layer. Total reflectance is shown by solid lines, and total 
transmission is shown by dashed lines. The Red line represents the bleached state. The 
Blue line represents the colored state. 
 

It is seen from Fig. 4.12 that there is only slight variations in total reflectivity and 

transmittivity when varying silicone, Si from 20 nm to 200 nm. There is a slight increase 

in reflectivity and decrease in transmittivity as silicon gets thicker for both the colored and 

bleached states of tungsten trioxide. To see how this affects radiation pressure as well as 

changing radiation pressure Fig. 4.13 was created. 
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Figure 4.13: The top layer is a 125 nm thick layer of tungsten trioxide, WO3, the middle 
layer is silicon, Si varying from 20 nm to 200 nm in thickness and then the 125 nm tungsten 
trioxide, WO3 bottom layer. Radiation pressure is shown on the left vertical axis in blue. 
The Blue dashed (---) line represents radiation pressure in the colored state. The Blue solid 
(−)	line represents the radiation pressure in the bleached state. The right vertical axis in 
red is the percent change between colored and bleached structures. The Red line represents 
the percent change in radiation pressure between the two colored and bleached states. 
 
 There is a small difference between the bleached state and the reflective state, 

separated by approximately 0.5 µN/m2 with the colored state having the higher radiation 

pressure. With this small variation there is still a distinct peak in the relative change in 

radiation pressure at approximately 50 nm thickness of silicone. With the desire to see how 

the material’s thicknesses interact to change the radiation pressure. A convert plot varying 

both layers of tungsten trioxide as well as the layer of silicone was created in Fig. 4.14. 
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Figure 4.14: A top layer of tungsten trioxide, WO3 varies from 20 nm to 200 nm, a middle 
layer of silicon, Si varies from 20 nm to 200 nm, and a bottom layer of WO3 varies from 
40 nm to 200 nm. A contour plot of WO3 thickness, Si thickness, and percent relative 
change [%].  Vertical axis is the thickness of the silicone, Si, the horizontal axis is the 
thickness of tungsten trioxide, WO3. The color scheme is percent relative change [%]. 
 

The results of the observations of the contour plot in Fig. 4.14 show that the best 

results are found from a moderate thickness in both the silicone and tungsten trioxide 

layers. More specifically at between 70 to 130 nm of the tungsten trioxide layer and 

between 60 to 120  nm of the silicone layer we see a large peak. This peak is above 20% 

relative change in radiation pressure shown in bright yellow. Although this figure reveals 

a great deal about the improvements that can be made it also opens the door for more 

research and optimization, further enhancing the modulation and radiation pressure. 
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Looking at the structures explored here it is very apparent that the third and latest 

iteration has the most promise for space applications. A 20% variation with a 5 𝜇𝑁/	𝑚" 

change between them has potential to be useful in space applications. Furthermore, this 

structure has the promise of being further optimized by adding an antireflective coating 

and further optimizing the thicknesses of each component. 
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CHAPTER 5 

CONCLUSION & FUTURE WORK 

 
This thesis explorer of the potential of tungsten trioxide (WO3) on optical force 

modulation. The hope would be that someday this could be utilized to steer a solar sail 

across the planetary system and beyond.  

Throughout this thesis four structures for modulating radiation pressure were 

explored. Two of these were opaque structures, and the remaining two were semitransparent. 

The opaque two-layer structure made of tungsten trioxide film on aluminum substrate 

(WO3/Al) was analyzed and found to have a 26% relative change in radiation pressure with a 

WO3 thickness of 200 nm. An opaque three-layer structure made of tungsten trioxide film on 

an undoped silicon layer on aluminum substrate (WO3/Si/Al) was also explored, and it was 

found to have a 25% relative change in radiation pressure with 180 nm WO3 and 20 nm Si. 

While the three-layer structure (WO3/Si/Al) firms a Fábry Perot resonance cavity with 

enhanced absorption, it has comparable performance in radiation pressure modulation with 

the simpler two-layer structure (WO3/Al). Besides, a two-layer semitransparent structure, 

made of tungsten trioxide film on silicone substrate (WO3/Si), and was found to have an 8% 

change in radiation pressure with 200 nm WO3 and 50 nm Si. A semitransparent three-layer 

structure, made of tungsten trioxide film on a silicone layer on tungsten trioxide 

(WO3/Si/WO3), was explored, which had a relative change in radiation pressure of 20% with 

85 nm thickness for both the WO3 layers and 90 nm Si. All four of the aforementioned 

structures were analyzed over the spectral range between 0.4 to 1.6 µm, which covers 

approximately 80% of the solar spectrum energy.  Reflectance is twice as important as 

absorption in radiation pressure. It appears opaque surfaces are more advantageous 
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switching between reflection and absorption, than what is seen in the semitransparent 

structures which are switching between absorption and transmission.  

Three of these support structures, WO3/Al, WO3/Si/Al and WO3/Si/WO3 showed an 

optical force modulation of 1.4, 1.34, and 0.65 µN/m2. Each of these exceeds the 7.8% 

relative change in radiation pressure with a change of 0.11 µN/m2 found on the IKAROS,  a 

Japanese JAXA mission to test whether modulating radiation pressure could be used for 

attitude control [2]. Studies since the launch of IKAROS have shown improving a greater 

percent change in radiation pressure up to 53%. This was done with liquid crystals with a 

change in radiation pressure of 0.5 µN/m2 [5]. This allows the confident conclusion that 

WO3/Al, WO3/Si/Al and WO3/Si/WO3  show great promise for attitude control in future space 

missions, and may outperform the IKAROS mission.  

The opaque structures in particular have proven to have the most promise going 

forward. For this reason, the structures WO3/Al and WO3/Si/Al are hoped to be studied 

further. Theoretically by the addition of the conducting layers that cause the tungsten trioxide 

to change from bleached to colored states. These layers would include a transparent electrical 

conductor layer, and an ion conductor layer in addition to the active layer of WO3. It is also 

hoped to explore these structures experimentally. Both of the structures begin with a simple 

opaque aluminum wafer which would use an electron beam evaporation to add the layer of 

WO3. The Si layer would be added using chemicals for deposition. With additional electrical 

current across the tungsten trioxide measurements will be taken both in the bleached and 

colored states. This thesis theoretically shows that tungsten trioxide (WO3) has great promise 

for the solar sail allowing propulsion and attitude control of spacecraft, and ultimately the 

exploit with no fuel to the edges of the solar system and beyond. 
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