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Abstract 

This thesis describes several optical demonstrations that enabled new infrared devices, 

including reflective polarizers, large-area absorbers, and camouflage coatings. For the 

polarizers and absorbers, my collaborators and I used polar dielectrics materials with 

unusually low index of refraction in the mid-infrared spectral range. For the camouflage 

coatings, we used a phase-transition material that undergoes a fully reversible hysteresis-

free insulator-to-metal transition.  
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Preface 

Everything started with an email at the end of November 2014 when I wrote to my current 

advisor asking if I could be his prospective PhD student. Then, I applied to the University 

of Wisconsin-Madison, hoping that because of a prior positive communication, I would get 

admission to join Kats’ group. Later, I was lucky enough to be granted school admission 

on time; however, I did not get my student visa so I was unable to enter the US and start 

my graduate studies on time. I got my visa a few months later, which was too late to start 

the semester of Fall 2015. Fortunately, Prof. Kats was kind enough to allow me to start in 

the Spring of 2016. 

While I was in Iran, I received the second important email from Prof. Kats which was about 

a project that I could start reading and researching about while I was waiting for my move 

to the United States. That second email shaped my PhD in a great way; it was about the 

possibility to demonstrate a previously not seen phenomenon called frustrated total external 

reflection (F-TER), which is similar to frustrated total internal reflection. Although, we 

were ultimately unable to exactly demonstrate F-TER because total reflection requires 

unrealistically low material losses, I was introduced to the possibility of unusual refractive-

index values and their potential for engineering new types of optical devices. Based on this 

effect, we eventually reported several novel phenomena, and built devices that include a 

new type of polarizer based on direct coupling of light to surface-plasmon polaritons, 

published recently in Nano Letters.  

As I was moving forward with my PhD and working on several research directions made 

possible using materials with 𝑛 < 1, I also took over the project of one of my great 
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colleagues, Patrick Roney, after he completed his degree. This project was about the 

engineering of thermal emission using a phase-transition material named samarium nickel 

oxide. I was very fortunate to work on this project, as I learned a tremendous amount from 

it. The first major result was published in PNAS at the end of last year. After I leave the 

Kats group, my colleagues will continue to build on this research direction. In this thesis, 

I will discuss these projects in detail and present many of the results obtained during my 

graduate studies. 
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Chapter 1. Introduction 

In this chapter, I will briefly talk about the structure of this thesis. In Chapter 2, I 

report our findings regarding the reflectance of dielectric materials when the real part of 

their index of refraction is less than one (𝑛 < 1). Specifically, I present our findings about 

total external reflection at infrared frequencies, which enables greater reflectance values 

than those of metallic reference reflectors at oblique incidence angles. Then, I will explain 

the novel concept of frustrated external reflectance that happens through evanescent wave 

coupling. 

In Chapter 3, I show our results about coupling light into surface waves that propagate at a 

dielectric–metal interface without using any surface modulations. Our approach is similar 

to the “Kretschmann” and “Otto” configurations that are well-known in the plasmonics 

field, but unlike these two configurations our approach uses no prisms. Instead, the 

coupling is enabled by the decrease of the surface-plasmon wavevector for 𝑛 < 1 dielectric 

materials compared to more-conventional materials with 𝑛 > 1.  

In Chapter 4, I discuss our collaborative results with Harvard and Purdue, on engineering 

of thermal emission. In the first section of this chapter, I describe our spectrally selective 

absorber/emitter based on inverse-opal-type metamaterials synthesized at Harvard 

University in the Aizenberg group. Our metamaterial device shows excellent thermal 

stability, and high absorption for a broad angular range for both polarizations. In the second 

section, I show our results on temperature-independent thermal emission using samarium 

nickel oxide, a novel phase-transition material, grown at in the Ramanathan group at 
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Purdue University. The demonstrated thermal emitter can be used for passive and fully 

reversible infrared camouflage and thermal regulation applications. 

At the end of this document, there are a few appendices that describe how we conducted 

some modeling/simulation and measurements as well as more detailed discussions about 

measurement of refractive index of SiO2 and the metal-to-insulator transition of SmNiO3. 
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Chapter 2. Reflective behavior of dielectrics with 𝒏 < 𝟏 

Motivation 

My journey into dielectric materials with refractive index, 𝑛, less than one (𝑛 < 1), 

started with thinking about possible demonstration of a previously not demonstrated optical 

effect named frustrated total external reflection (F-TER)—an analog of frustrated total 

internal reflection but with light incident from air rather than from within a high-index 

material. Basically, we were looking to do experiments using a low-loss material in which 

the real part of its refractive index, 𝑛, is less than one. With light shining on such a material 

at oblique angles (while the incident angle is greater than critical angle and there is an 

evanescent wave inside the second layer), we wanted to show that light can get coupled to 

a third medium through evanescent-wave coupling. This may happen when the thickness 

of the material with 𝑛 < 1 is in order of penetration depth of evanescent wave. We first 

started looking at conductive oxides or so-called transparent conductive oxides (TCOs). 

As I show in the last figure of this chapter, the optical loss of TCOs is much larger than 

that of polar-dielectric materials in the mid-infrared range due to nature of resonances 

behind the decrease of refractive index in polar-dielectric materials. Thus, we chose to 

work with polar dielectrics materials such as SiO2 and Al2O3. 

As we were trying to demonstrate F-TER, we also explored other interesting phenomena 

that can happen when the refractive index of a material is less than the refractive index of 

air. This chapter and next one is mainly focused on these novel optical phenomena. Note 

that the material in this chapter has been published as Shahsafi, Alireza, et al. "Mid-infrared 
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optics using dielectrics with refractive indices below unity." Physical Review Applied 10.3 

(2018): 034019. 

 

1. Introduction 

In traditional optical elements such as lenses, materials are used in the spectral 

regions that they are totally transparent, and typically have refractive indices (𝑛) between 

1 and 4 [1]. In such regions, these materials are devoid of optical resonances, resulting in 

negligible optical losses. Recently, the use of both intrinsic and engineered resonances has 

enabled the demonstration of a number of exotic optical phenomena, especially in the field 

of metamaterials [2]. For example, resonances in both the permittivity, 𝜖, and 

permeability, 𝜇, can result in a negative index of refraction (𝑛 = √𝜖𝜇 < 0) [3]–[5]. 

Similarly, by using electric or magnetic resonances, the values of 𝜖 or 𝜇 can be made to 

approach zero (i.e., “epsilon-near-zero”, or “mu-near-zero”, respectively), resulting in a 

near-zero refractive index (𝑛 ~ 0) [6], [7]. In such a material, light can propagate without 

accumulating phase, enabling unique phenomena such as super-coupling [8]. Furthermore, 

by using materials that have 𝑛 < 1, it is shown that invisibiliy cloaking can be achieved, 

because only in this case light may go around the object without causing phase distortion 

[9]. Unfortunately, in many instances, the promise of these exotic phenomena and 

applications is tempered by optical losses, which are enhanced in close proximity to 

resonances [10], [11].  
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Figure 2-1) Two well-known optical phenomena (left), and their less-conventional counterparts enabled by 
materials with n < 1 (right).(a) Total reflection for light incident from a high-index region (1) to air (2), and (b) 
from air (1) to a low-index region (2). (c-d) If the thickness of region 2 is comparable to the wavelength of 

light, 𝜆0, and a higher-index region 3 is introduced below, some light can be transmitted. This is referred to 
as frustrated total internal reflection if 𝑛1 > 1; by analogy, we refer to the case when 𝑛1 = 1 as frustrated 

total external reflection  

In this section, we explore optical phenomena within a spectral range that is close — but 

not too close — to strong optically active resonances, resulting in the reduction of the real 

part of the refractive index to below that of vacuum (i.e., 0 < 𝑛 < 1). Our demonstrations 

use a simple homogeneous material, fused silica (SiO2), which has strong optical-phonon 

resonances in the mid infrared [12], but is transparent in the visible and near infrared. The 

intermediate proximity to these optical-phonon resonances results in only a modest 

increase in the losses, quantified by a small imaginary part of the refractive index, 𝜅. By 

utilizing the reduction of refractive index in SiO2 to below one in a portion of the long-

wave infrared region, we experimentally demonstrate two unusual optical phenomena in 

this chapter, including external reflection [(Fig. 2(2-1b)] and its frustration [(Fig. (2-1d)].  

2. Optical properties of SiO2 
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Optical-phonon resonances of dielectric materials such as SiO2 or aluminum oxide (Al2O3) 

typically lie in the mid-infrared spectral range The resulting optical properties can be 

described by Lorentz [13], Gaussian [14], or similar oscillator models and, in the vicinity 

of such resonances, the refractive index can be below unity [12]. 

Figure 2-2) Optical properties of SiO2.  

(a) Real (𝑛ox) and (b) imaginary (𝜅ox) parts of the complex refractive index of fused silica (SiO2) close to its 

phonon resonances. Two sets of experimentally obtained refractive indices are presented: one of a film grown 

via plasma-enhanced chemical vapor deposition (PECVD, dotted), and the other from an SiO2 wafer. For 

comparison, data taken from ref. [12] are shown using solid lines. Inset: zoomed-in plot of 𝜅𝑜𝑥 in a region 

where 𝑛ox < 1 and the losses are relatively small. 

We used two types of SiO2 for the various experiments: thin films grown via plasma-

enhanced chemical vapor deposition (PECVD) on high-resistivity silicon, and bulk SiO2 

wafers. The measured refractive index, 𝑛ox, and extinction coefficient, 𝜅ox, of these are 

shown in the Fig. 2-2 [12], [14]–[16], and compared to literature data [12]. Though the 

optical properties differ somewhat between the different samples, in all cases 𝜅ox is 

relatively small as 𝑛ox approaches 1. Specifically, in the 7.3 ~ 7.7 𝜇m region, 𝑛ox < 1 and 

𝜅ox < 0.05. In ideal case of negligible optical loss, the transition to total reflection for 

example is fast. To show this in a clear way, we conducted thin-film calculations in which 
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light is shining at a material with refractive index of 𝑛̃ = 𝑛 + 𝑖𝜅. In Fig. 2-3 (a, b), it is 

assumed that 𝑛 is constant and smaller than one (in this case, 0.7), and 𝜅 varies. These plots 

show that a sharper/faster transition to external reflection can be achieved by using a 

material with lower loss.  

Figure 2-3) Transition to total external reflection with various values of n and κ 

(a,b) The increase of optical loss (𝜅) smooths the transition to total reflection. (c, d) Change of refractive 

index (𝑛) changes the critical angle. 

Setting a constant 𝜅 for the material with 𝑛 < 1 and sweeping 𝑛 results in different critical 

angles of external reflection [Fig. 2-3(c, d)]. Also, increasing 𝑛 results in a more gradual 

transition. To consider the effect of both 𝑛 and 𝜅, we used a figure of merit, 𝜂 = 𝜅/(1 −

𝑛), used at X-ray frequencies [17]. A decrease of 𝜂 results in a sharper transition to total 

external reflection. In Fig. 2-4, we plot the polarization-averaged reflection of several 
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materials with 𝑛 < 1, versus the incident angle divided by the critical angle, at the 

wavelengths at which 𝜂 is minimum. 

Figure 2-4) Polarization-averaged reflectance versus incident angle 

This data is normalized to the critical angle, for several representative materials with n<1. Each plot is at the 

wavelength for which 𝜂 is minimum for that material.  

3. Results and discussion 

a. Greater reflection than noble metals 

When light is incident on a low-index (𝑛2) material from a high-index (𝑛1) material, total 

internal reflection (TIR) occurs for incident angles greater than the critical angle (𝜃𝑐𝑟 =

arcsin(𝑛2/𝑛1)) [Fig. (2-1a)]. In TIR, the incident medium is usually an optically dense 

material such as glass. Analogously, when the incident medium is air, and the second 

material has 𝑛 < 1, a similar phenomenon occurs, referred to as total external reflection 

(TER) [Fig. (2-1a)]. TER is well-known at X-ray frequencies, where complex refractive 

indices are often written in the form: 𝑛̃ = 1 − ∆ + 𝑖𝛽, where typically ∆ ~ 10−5 and 

𝛽 ~ 10−7 [18]. Mirrors based on TER are used for X-ray focusing and other applications 

[19], [20], and air-core waveguides using TER have been explored theoretically [21]. 
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Figure 2-5) Oblique-angle reflection of SiO2 can surpass that of gold. 

(a) Transmittance and (b) reflectance of an SiO2 film on a silicon substrate, for p-polarized light versus 

incident angle at λ0 = 7.8 μm, for three different film thicknesses of SiO2, d. The d = 6 μm film is significantly 

thicker than the evanescent decay length δ, so almost no light is transmitted for incident angles beyond θcr, 

maximizing reflectance. Conversely, for the thinner films, the transmittance does not drop completely to 

zero, and the reflectance is reduced, indicating frustrated external reflection (F-ER). θcr is identified with a 

vertical dashed grey line. 

In the mid infrared, metallic mirrors can have reflectances of ~ 99% [22], and are often 

used as references for reflectance measurements. However, for very oblique incidence 

angles and p polarization, even gold and silver mirrors have a reduced reflectance due to 

the pseudo-Brewster effect [23], [24]. Polished gold mirrors, for example, have 

significantly decreased reflectance at angles of incidence between 80° and 89° in the near 

to mid infrared [e.g., Fig. (2-5 a)]. By comparison, due to TER, materials with 𝑛 < 1 can 

be used to achieve much larger p-polarized reflectance for these highly oblique angles. We 

calculated and measured the p-polarized reflectance of an SiO2 wafer at an incident angle 

of 87.5° Fig. 2-5, and found reflectance values of ~ 95%, compared to ~ 82% for gold for 

𝜆0 =7.3 ~ 8.7 𝜇m; the SiO2 p-polarized reflectance is higher than that of gold for angles > 

85° [15], [24]–[26]. We note that due to the highly oblique angle of incidence and relatively 

small sample area, we were not able to accurately measure the absolute reflectance, because 

the beam cross section was larger than our sample (see Fig. 2-5 (b) inset). Instead, we 



10 
 

measured the ratio of p-polarized and s-polarized reflectance, eliminating the need for a 

reference [Fig. 2-5 (b)]. This figure shows good agreement between the measurement and 

calculations based on Fresnel equations, using the refractive index data in Fig. 2-2.  

Figure 2-6) Frustration of external reflection. 

(a) Transmittance and (b) reflectance of an SiO2 film on a silicon substrate, for p-polarized light versus incident 

angle at λ0 = 7.8 μm, for three different film thicknesses of SiO2, d. The d = 6 μm film is significantly thicker 

than the evanescent decay length δ, so almost no light is transmitted for incident angles beyond θcr, 

maximizing reflectance. Conversely, for the thinner films, the transmittance does not drop completely to zero, 

and the reflectance is reduced, indicating frustrated external reflection (F-ER). θcr is identified with a vertical 

dashed grey line.  

b. Frustrated total external reflection 

In both TIR and TER, light is incident on a material with a lower refractive index from a 

material with higher refractive index, at an angle greater than the critical angle, 𝜃𝑐𝑟 (Fig. 

2-1 (a-b)). In both cases, the electric field just beyond the interface does not abruptly drop 

to zero, but decays exponentially as an evanescent wave [25]. When the lower-index 

material has a thickness on the order of the evanescent-wave decay length, light can tunnel 

through the material and emerge on the other side. This is referred to as frustrated total 



11 
 

internal reflection (F-TIR) [27] [28] [Fig. 2-1 (c)], and has numerous applications such as 

multi-touch sensing [27]. Analogously, this process can take place for external reflection, 

which we refer to as frustrated external reflection (F-ER; here we omit ‘total’ from the 

term due to the non-zero optical losses).  

c. Frustrated external reflection 

We calculated the decay length of the evanescent wave [29] to approximately obtain 

the SiO2 film thickness required for observation of F-ER [29]. To demonstrate F-ER 

experimentally, we deposited three SiO2 films with thicknesses of 1.5, 3, and 6 𝜇𝑚 onto 

double-side-polished high-resistivity silicon wafers using PECVD. At 𝜆0 = 7.8 𝜇𝑚, these 

films have 𝑛̃ox =  0.8 + 0.07𝑖 (Fig. 2-2), and thus 𝜃𝑐𝑟 = 51°. In Fig. 2-6 (a), we show the 

measured and calculated transmittance versus the incident angle for p polarization. The 

calculations were performed using the transfer matrix method [15], assuming a silicon 

substrate thickness of 500 𝜇𝑚. The fine fringes in the calculated data, which are due to 

thin-film interference in the silicon, are not observed in the experiment most likely because 

of the non-zero numerical aperture (i.e., each measurement corresponds to an average over 

a range of incident angles). The plotted calculated data was smoothed using a moving 

average to roughly emulate the measurement. Figure 2-6 (a) shows that some light is 

transmitted even for 𝜃 > 𝜃cr, demonstrating F-ER. As expected, an increase of the 

thickness of the SiO2 layer (𝑑) results in lower transmittance.  

For 𝜃 > 𝜃cr, the reflectance increases with increasing 𝑑 (Fig. 2-6 (b)), as the effect of 

frustration is reduced. For 𝜃 < 𝜃cr, however, increasing 𝑑 results in a decrease in 

reflectance. This occurs because |𝑛̃ox| is close to 1 (i.e., the refractive index of air), so most 
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of the reflected light comes from the SiO2/Si interface rather than the air/SiO2 interface. A 

thicker SiO2 film absorbs more light, reducing the overall intensity that emerges back into 

the air. At angles beyond 𝜃cr, the slope of the transmittance vs. angle changes, indicating 

the onset of F-ER [see Fig. (2-6 a)]. Note that the reflectance does not reach unity even at 

very oblique angles because of evanescent-wave absorption within the SiO2 (i.e., no total 

external reflection).  

d. Frustrated total external reflection calculation 

Figure (2-7) shows the calculation of reflection and transmission versus incident angle for 

the same structure of SiO2 on top of silicon substrate, assuming there is no optical loss in 

the SiO2 (𝜅ox = 0), but the same 𝑛ox as SiO2 has in Fig. 2-2 (a). This calculation was done 

to analyze frustrated total external reflection, and it shows that the transition to total 

reflection occurs much faster across the critical angle compared to the real case with optical 

loss. Similarly, to the real case with losses, the transition happens more gradually for 

thinner films. Note that there exists an angle in both the angular reflection and transmission 

plots at which the curves for different thickness overlap; this corresponds to the Brewster 

angle at the SiO2/Si interface. At this angle, the reflection from the structure is dominated 

by the air/SiO2 interface; therefore, reflection becomes independent of the film thickness.  
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Figure 2-7) Frustrated total external reflection 

(a) Transmittance and (b) reflectance of a fictitious SiO2 film without optical loss on a silicon substrate, for p-

polarized light, versus incident angle at 𝜆0 = 7.8 𝜇𝑚, for three different film thicknesses of SiO2, d. 𝜃𝑐𝑟 is 

identified with a vertical grey line. 

4. Other materials 

The phenomena described in this paper all become easier to observe for materials that 

simultaneously have 𝑛 significantly below 1 and minimal losses. However, the frequency 

dependences of 𝑛 and 𝜅 are always connected (as described by the Kramers-Kronig 

relations [30]) and generally have an inverse relationship; e.g., the reduction of 𝑛 in SiO2 

is accompanied by an increase of 𝜅 on the lower-loss side of the resonance (Fig. 2-2). To 

evaluate candidate materials, we define a figure of merit that simultaneously quantifies the 

loss and the difference of 𝑛 from unity: 𝜂 = 𝜅/(1 − 𝑛). This figure of merit is used in the 

X-ray regime to quantify the sharpness of the transition between ordinary and external 

reflection [17]. In Fig. 2-8, we plotted 𝜂 as a function of frequency in the near and mid 

infrared for several candidate materials with optical-phonon or plasma resonances [12], 

[31]. Among the materials we explored, silicon carbide reaches the smallest value of 𝜂 
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[32], and lithium fluoride has the longest wavelength span for which 𝑛 < 1 and 𝜂 < 1 [33]. 

In general, fluorides seem to be good candidate materials [34], with the wavelength of the 

𝑛 < 1 region increasing for larger cations. We note that many of these candidate materials 

are transparent with 𝑛 > 1 at shorter wavelengths (e.g., in the visible), potentially enabling 

very different functionalities in different spectral ranges. 

 

Figure 2-8) Figure of merit, η = κ/(1-n), for several candidate materials with n < 1. 

This figure included transparent conducting oxides in the near infrared and dielectric materials with strong 

phonon resonances in the mid infrared (material data from refs. [12], [34], [35], [36], and [37].) 

In conclusion, we explored the use of low-loss materials with refractive index below unity 

(𝑛 < 1) to “invert” several well-known configurations in optics that are based on total or 

attenuated internal reflection. We showed that transparent dielectrics in visible range, with 

strong phonon resonances at mid-infrared frequencies are good candidate materials for 

such applications, experimentally demonstrating external reflection, frustrated external 

reflection, and direct coupling to surface plasmon polaritons from free space without using 

prisms or surface modulation. We envision potential applications of the 𝑛 < 1 region in 
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these dielectrics and other materials with low-loss resonances for spectral or angular 

filtering, air-core waveguiding, and surface-plasmon-based sensing. 
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Chapter 3. Directly coupling to surface plasmon 

polaritons 

Motivation  

In this chapter, I describe a new mechanism of coupling to surface plasmon 

polaritons (SPPs). Fig. 3-1 shows our approaches in two different ways which are similar 

to Kretschmann [35] and Otto configurations [36], which are coupling methods that use 

prisms to enhance the wave vector of incident light and thus enable coupling to bound 

SPPs. This leads us to a second approach, similar to the Otto configuration, and we 

demonstrated very efficient coupling by using anodic aluminum oxide as a material with 

𝑛 < 1. 

As there is no bulky prism on top of the structure to match wavevector of incident light to 

that of the SPP in this way of coupling, we used the concept to demonstrate a new type of 

reflective polarizer that has a high extinction ratio and high efficiency at infrared 

frequencies. The material in this chapter has been published as A. Shahsafi, et al. "Mid-

infrared optics using dielectrics with refractive indices below unity." Physical Review 

Applied 10.3 (2018): 034019, and A. Shahsafi, et al. "Infrared Polarizer Based on Direct 

Coupling to Surface Plasmon Polaritons." Nano Letters 20.12 (2020): 8483. 
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1. Introduction 

SPPs are surface waves that propagate at the interface between a metal and a dielectric 

[37]. To excite SPPs from free space, incident light with a certain frequency and wave 

vector (projected onto the direction of the interface) are required. Usually, the wave vector 

of the incident light has a smaller value than the SPP wave vector at the same frequency, 

making coupling difficult. A standard approach to enable coupling uses prisms comprising 

high-index dielectric materials to increase the wave vector of the incident light to match 

with that of the SPP—in particular, in the Kretschmann [35] [Fig. 1(a)] and Otto [36] [Fig. 

1(b)] configurations. In the Kretschmann configuration, light inside the prism reaches a 

thin metal layer and tunnels through to the SPP mode on the other side [Fig. 1(a)]. In the 

Otto configuration, light tunnels through a small dielectric gap before reaching the SPP 

mode [Fig. 1(b)]. Note that, in either case, SPPs can only be excited by light polarized 

parallel to the plane of incidence (p polarization), whereas light in the other polarization is 

mostly reflected [37]. In this chapter, first, we show how we couple light in similar structure 

to the Kretschmann configuration [Fig. 3-1(c)] [35], and then we present our results for the 

Otto configuration [Fig. 3-1(d)] [36]. Both modified coupling techniques are enabled 

because we can decrease the wavevector of SPPs by using a 𝑛 < 1 material. We note that 

coupling to such a leaky SPP mode is sometimes referred to as the Berreman effect [38]–

[40], though we find the connection to the well-known Otto and Kretschmann 

configurations for SPP coupling to be more instructive and thus prefer that language. 
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Figure 3-1) Surface plasmon polaritons excitations 

(a, b) Excitation of SPPs using a prism in the (a) Kretschmann configuration [35] and (b) Otto configuration 

[36]. (c, d) Prism-free direct coupling to SPPs in the modified (a) Kretschmann and (b) Otto configurations by 

using a dielectric with real part of its refractive index less than one, resulting in a decrease of the SPP 

wavevector [41].  

2. Kretschmann configuration 
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As we described in the previous chapter, the use of materials with 𝑛 < 1 allows us to 

“invert” many common configurations in optics, using air as a high-index medium (Fig. 2-

1). In this chapter, we explored replacing the high-index prism in the well-known 

Kretschmann configuration for coupling to surface-plasmon polaritons (SPPs) [35] with 

air. Specifically, we explore coupling to SPPs at the interface between gold (Au) and SiO2, 

in the 7.4 – 7.7 𝜇m wavelength region, where 𝑛ox < 1 and 𝜅ox < 0.08 (Fig. 2-2).  

Figure 3-2) Direct coupling to SPPs from free space 

(a) Calculated and (b) measured p-polarized angle-dependent reflectance of a 10 nm Au film deposited on an 

SiO2 substrate at λ0 = 7.45, 7.58, and 7.67 μm, corresponding to nox = 0.9, 0.84, and 0.76, respectively. The 

dips are evidence of coupling to SPPs at the interface between Au and SiO2. (c) Dispersion plots for incident 

light for different angles, and SPPs at the Au/SiO2 interface. The intersections around 7.5 μm (see inset) 

correspond to locations of the dips in the reflectance curves in (a, b). Three blue traces show k0,x, the x-

component of the wave vector of the incident light for θi = 55, 60, 65°. Smaller angles of incidence correspond 

to smaller k0,x, and therefore intersections of  k0,x and β occur at lower frequency or longer wavelength. d) 

Summary of the results in parts (a-b) and (c). The dashed and dotted lines identify the angular positions of the 
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dips in the reflectance curves from (a) and (b). The black solid line corresponds to the intersections between 

the dispersion curves in (c), signifying coupling to SPPs. 

Our simple structure comprises 10 nm of evaporated Au on top of an SiO2 wafer [Fig. 3-2 

(a)]. Using the transfer-matrix method, we calculated angle-dependent reflectance from air 

for slightly different wavelengths (7.45, 7.56, and 7.67 𝜇m) corresponding to different 

values of 𝑛ox (0.9, 0.84, and 0.76, respectively) [Fig. 3-2 (a)]. The local minima in the 

reflectance are evidence of coupling to SPPs propagating along the SiO2/Au interface and 

our calculation show for thinner gold films minima become deeper. The positions of these 

minima shift toward smaller incident angles for increasing wavelength, as expected from 

the dispersion of SiO2 [Fig. 3-2 (a)]. Figure 3-2 (b) shows the corresponding experimental 

results, which are in good agreement with our calculations.  

To verify that these minima in reflectance correspond to coupling to SPPs, we plotted the 

dispersion relation of single-interface SPPs [37] and the dispersion curves of the incident 

light — taking only the component of the incident wave vector along the interface — for 

several different incidence angles [Fig. 3-2 (c)]. Direct coupling to SPPs is expected to 

occur roughly when these curves intersect. It can be seen in the inset of Fig. 3-2 (c), which 

zooms in on the region where 𝑛ox < 1, that for every angle there are two distinct 

intersections. Only the shorter-wavelength intersection (~ 7.5 𝜇𝑚) results in clear coupling 

to SPPs. The wavelength of the other intersection (~ 9 𝜇𝑚) corresponds to high losses in 

the SiO2[Fig. 2-2 (b)], so the SPPs are almost immediately absorbed. In Fig. 3-2 (d), we 

converted the intersections in the dispersion to a plot of the predicted coupling angle versus 

free-space wavelength (solid line). This curve matches well with the actual measured and 

calculated coupling angles. The slight discrepancy may be a result of experimental 
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uncertainty and the limitations of the SPP wave-vector equation, which assumes that both 

the metal and dielectric have semi-infinite thickness [37].  

We also examine the effect of the gold thickness, 𝑑, on the coupling between free-space 

light and SPPs on the Au/SiO2 interface of the structure in Fig. 3-2 (a). In Fig. 3-3, we 

show the calculation performed for Fig. 3-2 (a), but for several values of d. By decreasing 

𝑑, the dips corresponding to coupling to SPPs become deeper. Critical coupling appears to 

be reached for 𝑑 ~ 2 nm, indicating that for 𝑑 = 10 nm the system is heavily 

undercoupled; this explains why the dips in Fig. 3-2 (a, b) are so shallow. 

 

Figure 3-3) Effect of gold-layer thickness, d, on direct coupling to SPPs 

 (a)  𝑑 =  2 nm, (b) 𝑑 = 4 nm, (c) 𝑑 =  6 nm, and (d) 𝑑 =  10 nm. Note that (d) displays the same data as Fig. 

3-2 (a). 
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3. Otto Configuration 

Around a wavelength of 10 µm, amorphous Al2O3 has 𝑛 < 1 and modest optical losses, 

represented by a small extinction coefficient, 𝜅, as shown in Fig. 3-4 (a-b) [42]. Using these 

optical properties and the refractive index of aluminum, we calculated angle- and 

polarization-dependent reflectance for a 1-µm-thick layer of amorphous Al2O3 on an 

optically thick aluminum substrate using the transfer-matrix method. The thickness of the 

Al2O3 layer is approximately one tenth of the target free-space wavelength for our polarizer 

(free-space wavelength of 10.6 µm). Figure 3-4 (c) shows our calculation of the angle-

dependent reflectance of this Al2O3/Al structure for both p- and s-polarized light (𝑅𝑝 and 

𝑅𝑠). 𝑅𝑝  approaches zero around an incident angle of 65° for a wavelength of 10.2 μm due 

to coupling to SPPs, while 𝑅𝑠  remains close to unity for all wavelengths and angles.   

 

Figure 3-4) refractive indices and reflective behavior of Al2O3  

(a) Real (𝑛) and (b) imaginary (𝜅) parts of the complex refractive index of bulk (non-porous) amorphous Al2O3 

(solid) [42] and porous anodic aluminum oxide (p-AAO), for polarization along (dotted) and perpendicular 

(dashed) to the p-AAO holes. The p-AAO calculation is based on Maxwell-Garnett effective-medium theory 

[43]. (c) P- and s-polarized calculated reflectance for a 1-μm-thick layer of amorphous Al2O3 on top of a thick 

aluminum film for the wavelength range in which Al2O3 has refractive index less than one and moderate loss. 

Since our target wavelength was 10.6 µm rather than the ideal operating wavelength of 

10.2 µm for the structure in Fig. 3-4 (c), we performed several calculations to identify an 



23 
 

appropriate geometry. Our primary degrees of freedom were the Al2O3 thickness and 

porosity, though we also had some flexibility with the incident angle. In particular, 

increasing the porosity (density of air inclusions) of the Al2O3 is expected to bring the 

refractive index closer to that of air and reducing optical loss, resulting in coupling to SPPs 

at a slightly longer wavelength compared to the simulations in Fig. 3-4 (c). Based on our 

calculations, we identified a porosity of approximately 0.35 as a candidate for a 10.6-µm 

polarizer.  

To realize our structure without the use of expensive nanofabrication techniques, we relied 

on an electrochemical anodization process to grow porous anodic aluminum oxide (p-

AAO) with porosity of 0.35 on top of aluminum sheets (synthesis by InRedox LLC). 

Anodization can grow oxide layers on the surfaces of certain metals (aluminum, titanium, 

etc.), and is often used to enhance surface durability or for decorative purposes [44].  

Figure 3-5 (a) shows scanning electron microscope (SEM) images of the resulting p-AAO. 

Similarly to p-AAO in the literature [44], the pores are cylindrical all the way through the 

oxide film. Here, the diameter of the pores is approximately 100 nm, which is much smaller 

than our working wavelength. Based on the SEM images, we modeled the optical 

properties of p-AAO based on an effective-medium theory for anisotropic media [43]: 

𝑛|| = √(1 − 𝑝) × 𝑛𝐴𝑂
2 + 𝑝 × 𝑛𝑎𝑖𝑟

2 , 
Eq. 1 

𝑛⊥ = 𝑛𝐴𝑂√
2(1 − 𝑝) × 𝑛𝐴𝑂

2 + (1 + 2𝑝) × 𝑛𝑎𝑖𝑟
2

(2 + 𝑝) × 𝑛𝐴𝑂
2 + (1 − 𝑝) × 𝑛𝑎𝑖𝑟

2 . 

Eq. 2 
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Here, 𝑝 is the volume ratio of air and 𝑛𝐴𝑂 is the complex refractive index of bulk Al2O3. 

The real and imaginary parts of the anisotropic complex index for 𝑝 = 0.35 are shown in 

Fig. 3-4 (a-b). We used these optical properties to model the reflectance of our polarizers. 

The calculated spectral reflectance for three different incidence angles for 1-µm-thick p-

AAO with porosity of 0.35 on an aluminum substrate are shown in Fig. 3- 5 (b), indicating 

an efficiency of more than 90%. 

We performed angle-dependent spectral measurements of the fabricated p-AAO/Al 

structures using the reflection mode of the J. A. Woollam IR-VASE Mark II ellipsometer, 

and found excellent agreement with the calculations [Fig. 3-5 (b)]. The reduction of the 

measured 𝑅𝑠 value (~0.85) compared to the calculations (0.95) is assumed to be mostly 

due to scattering from inhomogeneities in the structure. Note in Fig. 3-5 (b) that the 

reflectance is highly dependent on polarization and it can be close to 0 for one polarization 

and close to 1 for another. In the next section, we explore this effect to realize a new type 

of optical polarizers. 

 

Figure 3-5) Scanning electron microscope of AAO and its reflective behavior 

Scanning electron microscope (SEM) images of porous anodic aluminum oxide (p-AAO), imaged from the top 

of the sample. The inset SEM image of the same sample magnified 10 times. (b) Measured (dotted) and 

calculated (solid) spectral reflectance for p polarization, Rp, and s polarization, Rs, of a 1-μm layer of p-AAO 
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on top of a thick aluminum film for the wavelength range in which Al2O3 has refractive index less than one. 

Different colors show incident light with different incident angles. 

a. Polarizer based on direct coupling to SPPs 

Optical polarizers typically function in transmission, reflection, or refraction modes. Wire-

grid polarizers based on subwavelength parallel metallic wires transmit light with 

polarization perpendicular to the wire direction [45], [46]. Glan–Taylor prisms are 

refractive polarizers [47] that spatially segregate light with orthogonal linear polarizations. 

Reflective polarizers reflect light with a particular polarization; for example, Brewster-

angle polarizers selectively reflect light polarized out of the plane of incidence (s 

polarization) [48].   

The most common high-extinction-ratio polarizers in the long-wavelength infrared 

(LWIR) are based on finely spaced wire grids or other micro/nanostructures and are thus 

rather expensive optical components. In this section, we introduce an infrared reflective-

type polarizer based on direct coupling between free-space light and a special type of 

surface-plasmon polariton (SPP) mode that has a dispersion relation above the light line. 

This approach requires no micro- or nanopatterning and can thus be inexpensively 

manufactured. We demonstrated such a polarizer based on porous anodized aluminum, 

designed to operate at CO2-laser wavelengths.  

Polarizers are readily evaluated using two figures of merit: extinction ratio and efficiency. 

The extinction ratio is the ratio of the output power to the input power, given input light 

polarized perpendicular to the desired polarization (i.e., in the “wrong” polarization). The 

efficiency is the ratio of the output power to the input power, given input light polarized 

along the desired polarization direction. Therefore, in Fig. 3-4 (c), 𝑅𝑠  can be interpreted as 
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the efficiency of a reflective polarizer based on direct coupling to SPPs, and thus we 

observe that such a polarizer can have efficiency (Rs) above 90%, with an extinction ratio 

(𝑅𝑠/𝑅𝑝) approaching infinity as 𝑅𝑝  approaches zero. 

The extinction ratio and operational bandwidth of our proposed polarizer can be increased 

by having two or more p-AAO/Al samples positioned next to each other in a way that the 

reflected light from the first one is incident on the second one, etc. [e.g., Fig. 3-6 (a)], 

though this decreases the efficiency of the resulting polarizer. We used a simple scheme 

called the K-geometry [49] which has a mirror between two samples to guide the reflected 

light from the first sample to the next (the mirror can also be replaced with another p-

AAO/Al sample). This scheme results in a polarizer that maintains the position and 

directionality of an incident beam, so it can be incorporated into the path of a laser beam 

without affecting any other optical components [Fig. 3-6 (b)]. Note that by slightly rotating 

the orientation of the individual films, the total operational bandwidth of the polarizer can 

be increased, albeit with a reduction in the extinction ratio.  

To test the operation of the proposed polarizer, we 3D printed a box [Fig. 3-6 (b)] that 

holds two p-AAO/Al samples like those in Fig. 3-5, designed to function as polarizers at 

an incident angle of 70°, for wavelengths corresponding to CO2 laser emission (10.2 to 

10.7 𝜇𝑚) [50]. We measured the reflected light using only one p-AAO/Al sample in the 

box for p- and s-polarized light [Fig. 3-6 (c-d)], using two metallic mirrors to guide the 

light without changing the direction or position of the beam from the input to the output. 

The corresponding wavelength-dependent extinction ratio (Rp/Rs), both theoretical and 

measured using a CO2 laser with power of approximately 200 mW, is shown in Fig. 3-6(e).  
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Figure 3-6) experimental setup and data of our polarizer using CO2 laser 

Increasing the extinction ratio or operational bandwidth of our SPP polarizer by placing two samples next to 

each other (a) without using a mirror, (b) by using a mirror, resulting in conservation of beam position and 

direction. (c-d) Testing of the polarizer box shown in (b), but with a single p-AAO/Al sample and two metallic 

mirrors (i.e., here we are not stacking the p-AAO/Al polarizers). Measurements were performed with a CO2 

laser for two different orientations of the polarizer. (e) Calculated (lines) and experimental (circles) extinction 

ratios (Rs/Rp,) using the setup in c, d. 

b. Anodization process and coupling to SPPs in porous samples 

We used anodization, an electrochemical process, to synthesize our porous aluminum oxide (p-

AAO) on aluminum sheets. The process converts metallic surfaces into oxide layers resulting in 

more durable and corrosion-resistant surfaces. The resulting oxide layer becomes uniformly porous 

at certain growth conditions (chemistry, current, temperature, etc.). We found that a p-AAO layer 

with porosity of 0.35 and thickness of 1 micron can be a good candidate for our polarizer. This 

finding is a result of various thin-film calculations and measurements using many different samples 

with different porosities purchased from InRedox LLC to validate our modeling. 
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In general, increasing the porosity results in a red shift of the coupling wavelength according to our 

calculation based on the anisotropic refractive index of p-AAO. This is shown in the Fig. 3-7, where 

larger porosity results in coupling at a longer wavelength. This happens because when the refractive 

index is less than one, introducing air voids shifts the refractive index to closer to unity. 

 

Figure 3-7) wavevector and angular frequency relation. Relation between the wave vector and the reciprocal 
of the free-space wavelength (i.e., the angular frequency) for surface-plasmon polaritons (SPPs) at the 
interface between Al and p-AAO for different porosity (dashed and solid lines are representative of 0.35 and 
0.25 porosity, respectively). Three light lines show the 𝑘0,𝑥 component of the wave vector of the incident light 

for three different incident angles. The blue lines show the real part of kSPP,x and green lines show the 
imaginary part of kSPP,x. 

Figure 3-8 shows the wavelength and thickness dependence of the extinction ratio of the p-AAO/Al 

structure for different incident angles and porosities. Based on this figure, very high extinction 

ratios ( > 1000) can be achieved. Increasing the porosity tends to push the region with high 

extinction ratios toward longer wavelengths and larger thicknesses. Increasing the incident angle 

tends to increase the extinction ratio. 
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Figure 3-8) Calculated wavelength and thickness dependence of the extinction ratio of our sample 

Furthermore, we conducted a calculation for a finer angular step size (from 65° to 75°, with step 

size of 1°) to investigate the difference between the calculations and our measurement using a CO2 

laser (Fig. 3-9). This calculation shows that the peak of extinction ratio has a large angular 

sensitivity. Thus, it is possible that some of the differences between the calculations and our 

measurements are a result of errors in the incident angle on the sample due to misalignment. 
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Figure 3-9) Calculated extinction ratio of our p-AAO/Al sample versus wavelength for incident angles from 65° 
to 75° with step size of 1°. 

c. Using different dielectrics: covering other spectral ranges 

To design SPP polarizers at substantially different wavelengths, different materials with refractive 

index less than unity must be used. Figure 3-10 (a) shows different candidate dielectric materials 

with refractive index less than one. In particular, we are plotting a figure of merit (FOM) that we 

defined as 𝜅/(1 − 𝑛). Calculated results using two different dielectric materials with refractive 

index less than unity at two wavelength ranges, all on top of aluminum substrates, are shown in 

Fig. 3-10 (b-e). In Fig. 3-10 (b, c), we show that indium tin oxide (ITO) can realize polarizers in 

the near infrared. In Fig. 3-10 (d, e), we show that calcium fluoride (CaF2) can be used for far-

infrared polarizers.  
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Figure 3-10) Covering other spectral ranges (a) Selection of other candidate dielectric materials with 𝑛 < 1, 
including transparent conducting oxides in the near-infrared region and dielectric materials with strong 
vibrational resonances in the mid-infrared region. In all cases, the substrate is optically thick aluminum. (b) 
Reflectance and (c) extinction ratio of a near-infrared SPP polarizer based on a 150-nm film of indium tin oxide 
(ITO), with the optical properties from. (d) Reflectance and (e) extinction ratio of a far-infrared SPP polarizer 

based on a 500-nm CaF2 thin film.  

 

3. Conclusion 

In this chapter, I presented our approach to coupling light directly into surface 

plasmon polaritons (SPPs) without the use of prisms, gratings, or similar approaches—and 

instead exploiting a material with refractive index less than one. Using this approach, we 

demonstrated a highly efficient reflective polarizer with a high extinction ratio that can be 

implemented in cheaper ways compared with existing commercial infrared polarizers. This 

polarizer relies on refractive index less than unity, and that is intrinsically narrow band. 

However, by stacking few samples with different spectral response (Fig. 3-10), we can 

achieve broader bandwidth. Also, we show in our CO2 laser polarizer, one can achieve 

slight spectral bandwidth tuning by introducing air holes into the material with 𝑛 < 1. 
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Chapter 4. Spectral and thermal engineering of 

absorptivity/emissivity  

Motivation 

Thermal emission is the process by which all objects at non-zero temperatures emit 

light, and is well-described by the classic Planck, Kirchhoff, and Stefan-Boltzmann laws 

[51][52]. In this chapter, first, we introduce our demonstration of a large-area (centimeter-

scale) nonresonant metamaterial that features near-unity frequency-selective absorption in 

the mid-infrared wavelength range. The metamaterial comprises a self-assembled porous 

structure known as an inverse opal, here made of silica. The structure’s large volume 

fraction of voids, together with the vibrational resonances of silica in the mid-infrared 

spectral range, reduce the metamaterial’s refractive index to close to that of air and 

introduce considerable optical absorption. As a result, the frequency-selective structure 

efficiently absorbs incident light of both polarizations even at very oblique incidence 

angles. The absorber remains stable at high temperatures (measured up to ~900 °C), 

enabling its operation as a frequency-selective thermal emitter. The excellent performance 

of this absorber/emitter and ease of fabrication make it a promising surface coating for 

passive radiative cooling, laser safety, and other large-area applications. 

In the second section of this chapter, we showed another way of engineering the 

absorptivity/emissivity of a structure based on a phase-transition material. Typically, for 

most solids, the power of light thermally emitted from the surface increases monotonically 

with temperature in a one-to-one relationship that is a cornerstone of conventional wisdom 
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in physics, and enables applications such as infrared imaging and non-contact thermometry 

[53][54]. In this project, however, we demonstrate how to violate the one-to-one relation 

by using a strongly correlated quantum material that undergoes a fully reversible, 

temperature-driven solid-state phase transition. The smooth and hysteresis-free nature of 

this unique insulator-to-metal phase transition enabled us to engineer the temperature 

dependence of emissivity to precisely cancel out the intrinsic blackbody profile described 

by the Stefan–Boltzmann law, for both heating and cooling cycles. 

The material in this chapter has been published as A. Shahsafi, et al. Wide-angle spectrally 

selective absorbers and thermal emitters based on inverse opals." ACS Photonics 6.11 

(2019): 2607 and A. Shahsafi, et al. "Temperature-independent thermal radiation." PNAS 

116.52, (2019): 26402. 
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1. Spectral-selective absorber/emitter 

a. Introduction 

Electromagnetic-wave absorption based on metamaterials has been a rapidly growing motif 

in different research fields, including energy conversion [55] and thermoregulation [56]. 

At optical frequencies, engineered absorbers are used for stray light reduction in the visible 

range [57], [58], refractive-index sensing in the near-infrared range [59]–[61], and thermal 

emitters [62]–[65] in the mid-infrared range. To achieve high absorption, the reflection, 

transmission, and scattering must all be minimized; this can be realized by an absorbing 

structure or material that is impedance-matched to the incident medium [66]. 

Since the wavelength of optical-frequency electromagnetic radiation is on the order of 

hundreds to thousands of nanometers, typical engineered optical absorbers are comprised 

of nanostructured materials [67], [68]. At the same time, many applications require 

inexpensive large-area absorbers [69], [70], motivating designs that can be fabricated 

without the use of top-down lithography. Examples of such lithography-free absorbers 

include carbon nanotube (CNT) forests [57], [71], and lossy low-index films like 

polydimethylsiloxane (PDMS) [72].  

In this section, we demonstrate a wide-angle large-area absorber with polarization-

independent spectral selectivity, realized using a metamaterial based on inverse opals 

(IOs), which are highly porous structures obtained through assembly of colloids that serve 

as a sacrificial structuring agent for a background matrix material [73]. In IOs, the size and 

arrangement of the pores and the material composition (background matrix, as well as 

dopants and other inclusions) can all be engineered, creating a large design space. The 
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pores are also interconnected and can be infiltrated with fluids [74], which may be relevant 

for dynamic tunability, sensing, or catalytic applications.[75]–[79] 

The diameter of the templating colloidal spheres used for IOs is typically on the order of a 

few hundred nanometers. After selective removal of the colloids, the corresponding volume 

comprises an interconnected array of air pockets while the surrounding volume is the glassy 

matrix material. The resulting composite material thus has an effective refractive index 

close to that of air (in particular, using silica matrix material), as has been observed at 

visible frequencies [80]. In the mid-infrared range, the vibrational resonances of silica [41] 

introduce substantial optical loss, resulting in an absorbing metamaterial that is well 

matched to the refractive index of air, thus minimizing reflections at the interface between 

air and the IO film.  

A scanning electron microscope (SEM) image of an inverse opal film with void size of 250 

nm is presented in Fig. 4-1(a), showing the highly interconnected and porous structure. The 

high degree of ordering (which can be disrupted through the addition of salts in the 

assembly process) is unimportant for the functionality at mid-infrared wavelengths; 

however, it is convenient for the modeling of the effective refractive index, since the 

volume fraction of background matrix and voids is well known for a face-centered cubic 

(fcc) lattice, 26% and 74%, respectively [73]. We performed infrared variable-angle 

spectroscopic ellipsometry (J.A. Woollam IR-VASE Mark II) on a 2-µm-thick IO film on 

silicon and extracted its optical properties (Fig. 4-1 (b), (c)). To convert the measured 

ellipsometric parameters, Ψ and Δ [14] , into the effective refractive index and absorption 

coefficient, we modeled the IO thin film using the Bruggeman effective medium 

approximation [43]. We first focused on 1.8 to 3 𝜇𝑚, a spectral range in which SiO2 is 



36 
 

nearly dispersionless and its refractive index is well known [12], and fit to the fraction of 

air present in the film (i.e. the film porosity). The resulting fitted porosity is ~76%, which 

is very close to the theoretical value of the porosity based on the fcc structure of the opal 

assembly (√2𝜋/6 = 74%) [73]. Fixing the porosity at this value, we then fit the 

ellipsometric measurements in the wavelength range of 6 to 12 µm, in which silica has 

vibrational resonances. The resulting Kramers–Kronig-consistent fitted effective complex 

refractive index of the inverse opal film, 𝑛𝐼𝑂 + 𝑖𝜅𝐼𝑂, along with the fitted values assuming 

no porosity are shown in Fig. 4-1(b, c). The void size of the IOs (~250 nm) is significantly 

smaller than the wavelength in the mid-infrared range, ensuring the validity of the 

effective-medium assumption [81]. For comparison, the optical properties of an amorphous 

SiO2 thin film from literature [12] are also displayed in the same figure. The IO film has 

𝑛𝐼𝑂 very close to one (𝑛𝑎𝑖𝑟 = 1), and a significantly reduced 𝜅𝐼𝑂 (but non-zero) compared 

to the bulk amorphous SiO2.  

 

Figure 4-1) inverse opals structure and optical properties 

(a) Scanning electron microscope (SEM) image of the inverse opals (IO) used in this study, showing the nano-

porous and interconnected structure with a void diameter of 250 nm. The inset SEM image of the same sample 

with a 10 times higher magnification, showing the high porosity and interconnectivity of our IO sample. (b) Real 

(𝑛) and (c) imaginary (𝜅) parts of the complex refractive index of the inverse opal film (solid blue lines) along 

with the fitted values assuming no porosity (dashed blue lines), and bulk sputtered amorphous SiO2 (black 
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lines) [19], for wavelengths close to the vibrational resonances of SiO2. Optical properties of inverse opals are 

measured via variable-angle ellipsometry and fitted using the Bruggeman effective-medium theory [21].  

Using the extracted refractive indices in Fig. 4-1 and the transfer-matrix method [15], [82], 

we calculated the optical impedance 𝑍𝐼𝑂 of 2- and 4-𝜇𝑚 thick IO film on a silicon substrate 

using the transfer-matrix method with the refractive index extracted from the ellipsometric 

data (Fig. 4-1). Figure 4-2(a) shows the magnitude of the difference between 𝑍𝐼𝑂 and the 

free-space impedance, 𝑍0. We also calculated the impedance difference, |𝑍ox − 𝑍0|, 

between 𝑍0 and a homogeneous silica film of the same thickness on the same silicon 

substrate for the two thicknesses of 2 and 4 𝜇𝑚 (Fig. 4-2(a), dashed lines). In a portion of 

the mid-infrared spectral range, the combination of the large volume fraction of air 

inclusions and the presence of strong vibrational resonances in silica results in a close 

match between the impedance of the IO structure and that of air; i.e., |𝑍𝐼𝑂 − 𝑍0| approaches 

zero. We observed a large contrast between the |𝑍ox − 𝑍0| and |𝑍𝐼𝑂 − 𝑍0|, especially near 

the vibrational resonances. 

 

Figure 4-2) impedance of inverse opals 

(a) The difference between the optical impedance of free space, 𝑍0  = 377 Ω, and the calculated impedance 

(using the transfer-matrix method), of a structure comprising a layer of IOs (𝑍𝐼𝑂 , solid lines) or homogeneous 
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SiO2 (𝑍𝑜𝑥 , dashed lines) at two different thicknesses (2 and 4 μm), on top of a semi-infinite silicon substrate. 

(b) Measured (dotted) and calculated (solid lines) reflectance of the IO  films, as well as bulk SiO2 (calculated, 

dashed lines), at near-normal incidence. The reflectance of the IO film is suppressed due to impedance 

matching with air for wavelengths of 8 to 10 μm. The inset zooms in on the region of lowest reflectance.  

To confirm the absorption around the resonances, we performed reflectance measurements 

using Fourier transform spectroscopy (FTS). Figure 4-2(b) shows the calculated (solid 

lines) and measured (dotted lines) values for the reflectance of the IO films at two 

thicknesses (2 µm and 4 µm) on top of a doped silicon substrate. The calculation was 

performed via the transfer-matrix method, using the optical properties extracted from 

ellipsometry [Fig. 4-1(b-c)]. The measurement was made using a Bruker Vertex 70 coupled 

to a Hyperion 2000 infrared microscope, with a numerical aperture of 0.4. As expected, the 

reflectance of the IO film becomes very small in the spectral region where the impedance 

is nearly matched to that of free space. In the same wavelength range, the reflectance of 

thin-film SiO2 is quite large due to the large impedance mismatch.  

We subsequently analyzed the angle-dependent reflectance of two IO films of different 

thicknesses (2 and 4 µm, as before) on silicon, for both s and p polarizations (Fig. 4-3). For 

both thicknesses, the reflectance decreases to nearly zero close to the spectral position of 

the vibrational resonances. Note that changing the film thickness affects the bandwidth of 

the suppressed reflectance region. Increasing thickness results in more light becoming 

absorbed in the spectral region where the IO film has a lower absorption coefficient. 
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Figure 4-3) Reflective behavior of inverse opals at oblique incidence 

Calculated (solid line) and measured (dots) reflectance at oblique incidence (θ = 35°, 45°, and 55°) for p- and 

s-polarized light for two different thicknesses of the inverse opal films (d = 2 and 4 μm). 

The selective absorptivity of the IO structures implies that they can serve as a selective 

thermal emitters; this is encoded in Kirchhoff’s law of thermal radiation, which equates the 

absorptivity at every wavelength (and angle and polarization) to the object’s emissivity, 

assuming equilibrium conditions [65], [70]. Kirchhoff’s law is also often used in the 

characterization of thermal emission from non-scattering samples, because it is frequently 

easier to infer absorptivity from reflectance and transmittance measurements than to 

directly measure thermal emission [83], [84]. For the samples in this work, however, it was 

difficult to apply Kirchhoff’s law directly to the measurements because the semi-

transparent silicon substrate was single-side polished, and the scattering from the back side 

is difficult to quantify.  
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To obtain accurate measurements of the emissivity, we performed direct emission 

measurements using FTS, as previously described in refs. [85], [86]. We collected the 

thermal emission from the samples at 150 °C and normalized it to the emission from a 

laboratory blackbody reference at the same temperature. The reference we used is a forest 

of vertically aligned CNTs (height = 0.5 mm) on a silicon wafer. We calibrated the 

emissivity of the CNT forest by comparing measured emission to the thermal emission 

from well-known flat wafers of fused silica and sapphire.  

Using the direct thermal-emission technique, we measured the polarized oblique-angle 

emissivity by rotating the sample and placing a polarizer directly in front of it; this was 

done for s- and p-polarizations at three oblique angles [Fig. 4-4 (a, b)]. The accuracy of 

angle- and polarization-resolved direct thermal-emission measurements were confirmed by 

performing similar measurements on well-characterized flat wafers of fused silica and 

sapphire. 

For further confirmation of the measurements, we calculated the expected emissivity of 

this structure using Kirchhoff’s law and the extracted optical properties of the IO films in 

Fig. 4-1 (b-c). Two different emissivity spectra were calculated and presented in Fig. 4-4 

(a-b); one set of curves corresponds to the structure’s emissivity assuming zero 

transmission through the Si substrate, (i.e., absorptance 𝐴 =  1 − 𝑅 when 𝑇Si  =  0), and 

the other assumes a lossless substrate (i.e., 𝐴Si = 0, 𝐴 =  1 − 𝑅 − 𝑇). For the spectral 

regions where the IO film has relatively low loss (𝜆 < 8 μm or > 10 μm), these calculations 

provide upper and lower bounds on the actual emissivity. 
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Figure 4-4) experimental and theoretical emission data of inverse opals 

Experimental emissivity (solid lines) via direct-emission measurements at 150 °C for 4-μm-thick IO on silicon 

wafer at different incidence angles (θ = 0°, 35°, 45°, and 55°) for (a) s-polarized light and (b) p-polarized light, 

along with calculated upper and lower bounds on the emissivity in the spectral range where the IO film is low 

loss (λ < 8 μm or > 10 μm).  In the spectral range where the IO film is low loss (λ <8 μm or >10 μm), we expect 

a substantial contribution to the emissivity from the lossy silicon substrate. Calculated absorption (1− 

transmission − reflection) within the film is shown versus wavelength and incident angle for (c) s polarization 

and (d) p polarization. 

The large-area near-unity absorption at oblique incidence can be readily visualized using 

long-wave infrared (“thermal”) imaging. Infrared-camera images typically attribute a pixel 

brightness to the intensity of detected thermal radiation from that pixel, assuming a 
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constant emissivity for all pixels of the image. In Fig. 4-5, we show such infrared images 

of a silica glass slide (labeled “silica” in the image) next to the IO sample measured in Fig. 

4-4, using a FLIR A325sc camera with a bandwidth of 7.5 to 13.0 μm. To isolate the high-

emissivity region of the IO identified in Fig. 4-4, we positioned a filter with a passband of 

8.2 to 10.6 μm in front of the camera. The infrared images with and without the filter can 

be seen in the bottom and top rows of Fig. 4-5, respectively, with the images taken from 

the normal direction, as well as for oblique angles of 35°, 45°, and 55°. These images 

demonstrate the large and broad-angle spectral selectivity of our selective thermal emitter. 

The “lines” of high apparent temperature seen on the bottom edge of the silica samples are 

a result of roughness (i.e., disorganized porosity, compared to highly ordered IO films), 

also resulting in enhanced emissivity. 

 

Figure 4-5) Mid-infrared images of the IO absorber with comparison with that of silica 

Mid-infrared images of the IO absorber and a reference silica glass slide at 150 °C, imaged at angles (AOI) of 

0 to 55°, with (top) and without (bottom) a filter that selects the wavelength range corresponding to high 

absorptivity/emissivity of the sample (8.2 to 10.6 μm). The close-to-unity emissivity of the IO absorber results 

in a large apparent temperature.  



43 
 

 

As a continuation of this work, our collaborators synthesized a few-microns-thick inverse 

opal film on a silica substrate to achieve a visibly transparent structure that is opaque in 

mid-infrared range. In the spectral range in which the emissivity of a flat silica surface is 

relatively low [Fig. 4-6(b)], the inverse-opal films can have high emissivity, and thus our 

new synthesized samples have a broadband infrared absorption while remaining visibly 

transmissive. Figure 4-6 (a) shows the spectral transmittance of this sample measured for 

both polarizations at oblique incidence angles using a variable-angle spectroscopic 

ellipsometer (J.A. Woollam IR-VASE Mark II) operating in transmission mode. We also 

measured the emissivity of this sample by measuring the spectral reflectance, 𝑅, of the 

sample using our FTS, and utilizing Kirchhoff’s law to calculate the emissivity, 𝜀, 

assuming light transmission and scattering are negligible in the mid-infrared range (𝜀 =

1 − 𝑅). Both spectral emissivity of our sample and its substrate are presented in Fig. 4-6 

(b). The emissivity of the flat silica substrate alone has a large dip around 9 𝜇𝑚, but the 

sample with an inverse-opal film on a flat silica substrate has high emissivity throughout 

the whole spectral region. 
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Figure 4-6) Visibly transparent infrared absorber. (a) spectral transmission of inverse opal film on silica 
substrate at oblique incidence for both polarizations. The inset shows an image of the sample, showing how 
visibly transparent it is. Inset shows the transparency of the sample (b) spectral emissivity of our sample 
(yellow trace), silica (black trace). The inset shows the transparency of the sample: the Bucky Badger logo is 
behind the sample. 

b. Inverse opals synthesis  

Our colleagues at Harvard synthesized inverse-opal (IO) films using an evaporative co-

assembly method based on a procedure by Hatton et al. [73]. The templating colloids were 

monodisperse polystyrene particles with diameters ranging from 120 to 450 nm. Aqueous 

solutions of the colloids were synthesized by surfactant-free emulsion polymerization [87]. 

For co-assembly, we diluted these solutions to 0.1 v% particle content. They prepared the 

sol-gel precursor for the silica background matrix from a solution of 1.5 mL ethanol (100%, 

VWR), 1mL tetraethyl orthosilicate (TEOS, 98% Sigma Aldrich), and 1mL 0.1 M 

hydrochloric acid (HCl, Sigma Aldrich) solution, which was stirred at room temperature 

for one hour before use. The final co-assembly solution was prepared by adding 60 𝜇L of 

the TEOS sol-gel solution to 12 mL of the colloid solution. For co-assembly, they used flat 

silicon substrates (approximately 1 by 4 cm). They prepared them by cleaning in piranha 

(3:1 sulfuric acid (Sigma): hydrogen peroxide (VWR)) for 30 min, washing in water and 
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ethanol, and drying with compressed air. They suspended the substrates vertically in the 

co-assembly solution, which was then allowed to evaporate over 2 to 3 days at 65 °C. After 

the water fully evaporated, they produced the IO films by removing the colloidal template 

at 500 °C in air over 12 hours (5 h ramp time, 2 h at 500 °C, 5 h ramp back to room 

temperature).  

The temperature stability of our inverse-opal sample was tested by heat-treatment in a high-

temperature oven in air at 900 °C and 1100 °C for 120 min. Figure 4-7 shows the scanning 

electron microscope images of IO samples, showing that the structure survives the 900 °C 

anneal [compared to Fig. 4-1(a)], but does not survive the 1100 °C anneal. 

 

 

Figure 4-7) Scanning electron microscope (SEM) images inverse opals samples. These images are showing 
their structure is thermally stable up to 900 °C. The scale bar in both SME images are 200 nm 

 

c. Ellipsometry measurement 

Infrared spectroscopic ellipsometry measurements were performed on the synthesized IO 

films. Measurements were performed at three different angles of incidence: 35, 45, and 

55°. Compared to infrared wavelengths, the feature size of IO films is very small, allowing 

the film to be modeled as a single effective medium. The films were modelled using an 
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isotropic Bruggeman effective medium approximation (𝑝
𝜖𝑒𝑓𝑓 −𝜖𝑜𝑥

2𝜖𝑒𝑓𝑓 +𝜖𝑜𝑥 
= (𝑝 − 1)

𝜖𝑒𝑓𝑓 −1

2𝜖𝑒𝑓𝑓 +1
 , 𝑝 

is the volume fraction of the silica with permittivity of 𝜖𝑜𝑥) in which the composition of 

air and silica was tunable. The porosity used in this model is measured through near 

infrared ellipsometry. These parameters were then used in the longer wavelength infrared 

model of the IO film to fit a Kramers-Kronig-consistent oscillator model to the measured 

ellipsometry parameters Ψ and Δ. Experimental results and the corresponding fitted values 

are shown with dashed and solid lines in the Fig. 4-8, respectively. 

 

Figure 4-8) Fitted (dashed) and measured (solid) ellipsometry variables for inverse opals at three different 
incidence angles,  𝜃, for (a) 𝛹 and (b) 𝛥.  

 

2. Zero-differential thermal absorber/emitter 

The total amount of power thermally emitted by a surface in free space can be obtained by 

integrating its spectral radiance—given by Planck’s law and an emissivity—over all 

wavelengths and hemispherical angles [51] [52]. Assuming negligible angular dependence 

of the emissivity and wrapping the angular integral into the blackbody distribution, 

𝐼𝐵𝐵(𝜆, 𝑇), this relationship can be expressed as:  
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𝐴 ∫ 𝑑𝜆 𝜀(𝜆, 𝑇)𝐼𝐵𝐵(𝜆, 𝑇)
𝜆

= 𝐴𝜀𝑡𝑜𝑡(𝑇)𝜎𝑇4, Eqn. (1) 

where 𝐴 is the surface area, 𝜀(𝜆, 𝑇) is the spectral emissivity, 𝜆 is the free-space 

wavelength, 𝑇 is the temperature, and 𝜎 is the Stefan-Boltzmann constant. For the vast 

majority of emitters, the total emissivity, 𝜀𝑡𝑜𝑡(𝑇), typically changes very slowly with 

temperature and is usually dwarfed by the 𝑇4 term. Thus, the Stefan-Boltzmann law yields 

a one-to-one mapping between the temperature of an object and the emitted power, 

resulting in the conventional wisdom that hotter objects emit more light [Fig. 4-9 (a, c)].  

This assumption of a near-constant emissivity must be re-examined for thermal emitters 

comprising materials whose optical properties can be widely tunable with temperature (i.e., 

thermochromics). For example, an emissivity that increases with temperature can result in 

emitted power growing faster than 𝑇4 [88] [89], and an emissivity that rapidly decreases 

with temperature can overwhelm and reverse the slope of the typical Stefan-Boltzmann 

curve [90] [91].  

In this section, we show that it is possible to achieve a complete breakdown of the 

conventional one-to-one mapping between the temperature and the thermally emitted 

power, 𝑃. A thermal-emission coating with this unique property can serve as a radiator that 

outputs a fixed amount of heat irrespective of its temperature, and can conceal differences 

in temperature across an object from infrared imagers. This condition can be written as 

𝜕𝑃/𝜕𝑇 = 0, and occurs when 𝜀𝑡𝑜𝑡 = 𝛾𝑇−4, where 𝛾 is a constant with units of K4. A 

surface with 𝜀𝑡𝑜𝑡 that fits this form over some temperature range is henceforth referred to 

as a zero-differential thermal emitter (ZDTE). Achieving ZDTE behavior using real 

materials is extremely challenging: the necessary rate of change of the emissivity with 
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temperature is much larger than what can be attained using conventional materials (e.g., 

with band semiconductors such as silicon, via temperature-dependent population of 

electrons to the conduction band, Fig. 4-9 (b)), but is smaller than that of materials with 

abrupt phase transitions (e.g., vanadium dioxide [90] [92]). Furthermore, this condition is 

only possible for a hysteresis-free temperature dependence of the emissivity, otherwise the 

ZDTE condition may only be satisfied during either heating or cooling, but not both.  

 

 
Figure 4-9) Thermal emission from a typical emitter (top part of the figure) and a zero-differential thermal 
emitter (ZDTE, bottom part of the figure). 

(a, b) For a typical emitter, for example comprising a semiconductor or insulator (cartoon band 

diagram in (b), top), any change in emission from a temperature-dependent change in materials 

properties is dwarfed by the 𝑇4 dependence in the Stefan-Boltzmann law. Conversely, a ZDTE 

decouples temperature and thermal radiation over some temperature range, and thus can only be 

made from a material with a very strong temperature dependence. In our implementation, we use 

the hysteresis-free insulator-to-metal phase transition in samarium nickelate (SmNiO3) to achieve 

this behavior (b, bottom). (c, d) Long-wave infrared images of samples mounted to hang off the 

edge of a heater stage, such that a temperature gradient is established from hot (top) to cold 

(bottom). (c) a reference sample with a constant emissivity—in this case, a sapphire wafer—and 

(d) a ZDTE based on SmNiO3.The color bar encodes the apparent temperature, obtained by 

assuming a particular set emissivity, 𝜀𝑠𝑒𝑡, which was chosen such that the sample region just below 

the heat stage appeared to be at 130 °C, which is the actual temperature at that point (see more 

discussion in Methods). For sapphire, there is a one-to-one relationship between temperature and 

thermally emitted power. Conversely, the ZDTE exhibits a constant emitted power over a range of 

temperatures, here approximately 100 – 135 °C. 

 

Here, we demonstrate ZDTE in the 8 – 14 µm atmospheric-transparency window using 

SmNiO3, a correlated perovskite that features strong yet relatively gradual evolution of its 
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optical properties over the temperature range of ~40 to ~140 °C, resulting from a fully 

reversible and hysteresis-free thermally driven IMT [93] [94]. The thermal IMT in SmNiO3 

is due to charge disproportionation in the Ni site and involves subtle changes in the Ni-O-

Ni bond angle [95] [96]. In our SmNiO3 films, this thermally-driven transition is reversible 

over many cycles, and has essentially no hysteresis in both electrical [Fig. 4-10 (a)] and 

optical measurements [Fig. 4-10 (b)], in stark contrast to many other materials with strong 

IMTs, e.g., vanadium dioxide [97]. We also see the same behavior in the electrical behavior 

of this sample as the transition of SmNiO3 film deposited on sapphire substrates were 

studied by measuring their temperature dependent electrical resistance curves.  

Hysteresis-free IMTs can be found in rare-earth nickelates with high phase transition 

temperatures, where negligible or complete absence of hysteresis may be due to the 

decoupling of the IMT with antiferromagnetic ordering, and faster phase-transformation 

kinetics at higher temperatures [98] [99]. The unique nature of this IMT is also directly 

observed in our spatially-resolved X-ray absorption spectroscopy (XAS) maps across the 

thermal transition [inset of Fig. 4-10 (a)], which demonstrate smooth variation with 

temperature (i.e., the absence of any metallic/insulating domain texture at any temperature) 

down to a ~20 nm length scale, including for temperatures deep within the IMT. No spatial 

features other than detector noise were observed. The trend in these spatial maps suggests 

a smooth crossover from the insulating limit to the metallic one, which is accompanied by 

a homogeneous phase landscape.  

To enable design of thermal emitters using SmNiO3, we performed temperature-dependent 

variable-angle spectroscopic ellipsometry over the 2 – 16 µm wavelength range, through 

the entire range of the phase transition [Fig. 4-10 (c, d)]. The resulting complex refractive-
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index data is consistent with the film becoming gradually more metallic from room 

temperature to ~140 °C. We note that while gradual transitions are generally considered to 

be less useful than abrupt transitions for electronic and optical switching technologies, here 

the gradual and hysteresis-free nature of the IMT in SmNiO3 is essential for realizing 

ZDTEs. Also, for range of temperature that the SmNiO3 undergoes phase change (i.e., T = 

40° to T = 140°) ellipsometry variables – Δ and Ψ – as a function of wavelength are 

provided in Fig. 4-11. These variables are measured using variable-angle spectroscopic 

ellipsometry (J. A. Woollam, Co. IR-VASE) and through these values n and 𝜅 are derived 

(Shown in Fig. 4-10). While the solid lines show the result of fitted model, dotted traces 

represent the experimental values of Δ and Ψ from ellipsometry measurement. 

To create robust and large-area ZDTEs while minimizing fabrication complexity and cost, 

we explored designs based on un-patterned thin films of SmNiO3. We used the 

temperature-dependent optical properties in Fig. 4-10 (c, d) and well-established optical 

thin-film calculations [100] to find the necessary combination of thickness of a SmNiO3 

film and a substrate that supports SmNiO3 synthesis (Fig. 4-10 (a)) to achieve ZDTE over 

the 8 – 14 µm atmospheric transparency window. In Fig. 4-12 (a), we plotted the calculated 

temperature derivative of the emitted integrated radiance for several thicknesses of 

SmNiO3 on sapphire, which indicates that ZDTE can be achieved for SmNiO3 thickness of 

~200 nm or greater. The result does not change much for a thicker SmNiO3 films, 

indicating that the optical properties of the substrate do not affect the emissivity, making 

SmNiO3 a versatile surface coating that can be utilized for scalable technologies. 
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Figure 4-10) Electrical and optical behavior of SmNiO3 

(a) Normalized temperature-dependent electrical resistance of our SmNiO3 thin film grown on a 

sapphire substrate and (b) mid-infrared reflectance at several representative wavelengths, during 

both heating and cooling, showing the hysteresis-free nature of the IMT in SmNiO3. The insets in 

(a) are nanoscale x-ray absorption (XAS) maps at 105 and 120 °C, where the ratio of x-ray 

absorption at 848 eV to that at 849 eV is plotted as an indication of the metallic/insulating properties; 

no features other than detector noise are observed, indicating a gradual transition with no 

observable domain texture. (c, d) Temperature-dependent (c)real and (d) imaginary parts of the 
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complex refractive index of the SmNiO3 film, as a function of wavelength across the mid infrared, 

extracted using spectroscopic ellipsometry.  

Figure 4-11) Spectral dependence of ellipsometry variables Δ and Ψ 

Our fabricated planar device consists of a ~220-nm SmNiO3 film grown on a c-plane 

sapphire substrate (Fig. 4-12 (a) inset), from which we measured the emissivity and the 

resulting thermally emitted spectral radiance. Because the resulting structure is opaque in 

our wavelength region of interest due to optical-phonon resonances in sapphire [101] and 

flat on the scale of the wavelength, Kirchhoff’s law can be used to calculate the normal-

direction emissivity 𝜀𝑁(𝜆, 𝑇) from normal-incidence reflection measurements: 𝜀𝑁(𝜆, 𝑇) =

1 − 𝑅𝑁(𝜆, 𝑇). We confirmed this result by measuring the thermal emission directly, 

normalizing to a laboratory blackbody consisting of a vertically-oriented 0.1-mm-tall 

carbon nanotube forest. Care was taken to isolate the sample thermal emission from the 

thermal background radiated by the various components of our instrument [102]. The 

results obtained from these two measurements are in excellent agreement [Fig. 4-12 (b)]. 
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Figure 4-12) Zero differential thermal emitter 

(a) Calculated temperature derivative of the emitted radiance, integrated over the 8-14 µm 

atmospheric transparency window, of an SmNiO3 film with thicknesses  𝑑 from 50 nm to infinity, on 

a semi-infinite? sapphire substrate. (b) Measured wavelength- and temperature-dependent 

emissivity of our ZDTE, comprising a ~220-nm film of SmNiO3 on a sapphire substrate, via direct 

emission (dotted) and Kirchhoff’s law using reflection measurements (solid). (c) The temperature-

dependent spectral radiance of the ZDTE, which is the product of the spectral emissivity in (b) and 

the Planck distribution. (d) Thermally emitted radiance of our ZDTE, integrated over 8-14 µm, 

compared to that of a black body.  

 

We integrated the measured spectral radiance [Fig. 4-12 (c)] over the 8–14 μm window to 

obtain the total thermally emitted integrated radiance as a function of temperature, which 

showed the desired ZDTE effect within a ~30 °C temperature window centered around 

~120 °C [Fig. 4-12 (d)]. Away from the center of the phase transition of SmNiO3, i.e., 

below ~80 and above ~140 °C, the radiance vs. temperature profile becomes monotonic, 

as expected for a typical non-thermochromic thermal emitter.  
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The presence of the zero-differential region has profound implications for infrared imaging 

and control of infrared visibility. To demonstrate this, we performed a model experiment 

where two samples—our ZDTE, and a reference sapphire wafer—were mounted on a 

temperature-controlled chuck such that only a corner was touching the chuck and most of 

the sample was suspended in air, resulting in a temperature gradient from ~140 directly on 

top of the chuck to ~105 °C at the corner of the suspended area. When imaged with a long-

wave infrared (LWIR) camera, the gradient is readily observable on the sapphire reference 

[Fig. 4-9 (b)], but almost completely disappears on our SmNiO3-based ZDTE [Fig. 4-9 

(c)]. The apparent temperature difference across the samples based on the camera image 

was ~34 °C for the sapphire, and ~9 °C for the ZDTE. The same phenomenon is observed 

in Fig. 4-13, where we show the temperature evolution of the infrared appearance of 

SmNiO3-based ZDTEs compared to our laboratory blackbody reference (carbon nanotube 

forest), and sapphire and fused-silica wafers.  
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Figure 4-13) Long-wave infrared images of samples held at temperatures from 100 to 140 °C. 

The emissivities of the laboratory blackbody (carbon nanotube forest), sapphire wafer, and fused 

SiO2 wafer do not change appreciably over this temperature range. The emissivities of our SmNiO3-

based ZDTEs change as a function of temperature, and thus effectively mask the temperature 

differences from the camera. The apparent temperature is plotted [like in Fig. 4-6 (c, d)], with  𝜀𝑠𝑒𝑡 

for each sample selected such that for a stage temperature of 100 °C , the infrared camera returned 

this value as the temperature reading. The dark squares on the bottom row are metal electrodes 

that were used for the resistance measurements in Fig. 4-7(a). 

 

We note that the presence of zero-differential emission does not necessarily guarantee 

completely temperature-independent infrared signatures. For example, slight differences 

can still be observed in the emission from our ZDTEs at 110 °C vs. 140 °C in Fig. 4-13, 

resulting from a combination of effects that include imperfect cancelation of the blackbody 

curve and the change of the reflected light from the environment, since a change in 

emissivity coincides with a change in reflectance. The latter can be compensated during 

the design of ZDTEs by considering both the emitted and reflected light, assuming a 

particular background temperature. Furthermore, we presented calculated the angular 
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performance of our camouflage device is investigated and it shows consistent behavior for 

oblique incident angle until 60° for both polarizations. Because sapphire is a birefringent 

material, we used Fresnel coefficient for birefringent materials to calculate angular 

response of our sample. The optical properties of sapphire for both axes are used and shown 

here in the Fig. 4-14 (a) from literature [101]. Utilizing the transfer matrix method, the 

thermally emitted radiance of our sample for both polarizations are presented in fig. 4-14. 

The calculated results for three oblique incidence angles as well as normal incidence show 

small dependency on the angular orientation of the sample. 

Figure 4-14) Calculated angular response of our sample. (a) Optical properties of sapphire for two both 
perpendicular and parallel axes, (b) p-polarization and (c) s-polarization radiance for oblique incidence 
(incidence angle = 0°, 20° and 40°) 

3. Broad-band zero differential thermal emitter 

As we discuss in the infrared imaging figure (Fig. 4-13), our zero differential thermal 

emitter’s infrared camouflage performance is dependent on the bandwidth of the infrared 

camera/detector. For example, if one only looks at the thermal emission in the range of 8 

to 11 𝜇𝑚, the dependence of thermally emitted power on temperature is roughly expected 

(i.e., an increase in the temperature results in higher thermal radiation). To address this 

limitation, we changed the substrate beneath of the SNO film. Based on some discussions 

with my advisor, we decided to introduce a substrate that had minimal spectral dependence 
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(unlike sapphire, which has a sharp change in optical properties around 𝜆 = 11 𝜇𝑚 [Fig. 

4-14 (a)]) so that the resulting reflectance of the combination of the SNO film and the 

substrate had similar temperature dependence across the entire spectrum of interest.  

Based on discussions with our collaborators at Purdue, we settled on indium tin oxide (ITO) 

as a compatible layer for SNO growth that does not have any feature in 8 to 14 𝜇𝑚 range. 

Our collaborators then grew a 230-nm-thick SNO film on top of 110-nm-thick ITO film, 

on a silica substrate. The thicknesses were approximately selected based on thin-film 

calculations, but we did not view this as a rigorous optimization because we did not know 

the precise complex refractive index of the resulting ITO and the deposition process was 

untested, so the film growth rates were not well-known either. After the sample was 

fabricated, we performed direct-emission measurements using our FTS. Based on our 

calibrated thermal-emission measurements methodology [86], we measured the spectral 

emissivity of our new sample [Fig. 4-15(a)].  

  

Figure 4-15) Broadband zero-differential thermal emission. (a) Wavelength- and temperature-dependence of 
the emissivity of our broadband zero-differential thermal emitter, 𝜀𝑑(𝜆, 𝑇), via direct emission of the shown 

sample, from 108 to 118 °C.  (b) Temperature-independent spectral radiance, 𝐼𝑑 = 𝜀𝐵𝑍𝐷𝑇𝐸(𝜆, 𝑇) × 𝐼𝐵𝐵, showing 

broader spectral insensitivity compared to our previous work published in PNAS [103].  
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Figure 4-14 shows the emissivity of the sample along with its corresponding spectral, 

radiance which has very small temperature dependence from 108 to 118 °C, especially for 

wavelengths longer than 9 𝜇𝑚. We also conducted infrared imaging to confirm our spectral 

results on this sample using several optical filters in front of the camera. In Fig. 4-16, we 

show infrared images of our SNO sample on ITO/silica. Similar to Fig. 4-13, we place the 

sample on a heater stage, and increase the temperature gradually, and take infrared images 

at each temperature. By using a band-pass filter (8 to 10 𝜇𝑚), the difference between the 

apparent temperature (i.e., what the infrared camera reports) and the set temperature is 

larger compared to the case of without any filter. However, using a high pass filter (passing 

wavelength > 11 𝜇𝑚) results in smaller increase in the apparent temperature. This spectral 

infrared imaging agrees with spectral data in Fig. 4-15 (b): at shorter wavelengths, there is 

a noticeable difference in the thermally emitted power for different temperatures, but this 

difference is diminished for longer wavelengths. 
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Figure 4-16) Filtered infrared imaging. Long-wave infrared images of an SNO/ITO/silica sample held at 

temperatures from 90 to 130 °C without and with two different spectral filters. 

 

In conclusion, we demonstrated several ways to engineer the spectral emissivity of 

surfaces. First, we demonstrated a large-area, near-unity-emissivity mid-infrared 

absorber/emitter based on a self-assembled silica inverse opal (IO) metamaterial with a 

thickness less than half of the free-space wavelength. The device shows little angular and 

polarization dependence across its working wavelength of 8 to 10 μm, maintains a greater 

than 80% absorption for incident angles as large as 80°, and is stable up to at least ~500 

°C. The broad-angle absorption is a consequence of impedance matching to the near-unity 

refractive index of the IO structure with considerable optical losses, resulting from the 

combination of mid-infrared vibrational resonance of the silica comprising the opal matrix 

and the large volume fraction of air inclusions.  

Second, we presented our design results in temperature-independent thermally emitted 

power within the long-wave atmospheric transparency window (wavelengths of 8 – 14 µm) 

[104], across a broad temperature range of ~30 °C. The ability to decouple temperature and 

thermal emission opens a new gateway for controlling the visibility of objects to infrared 

cameras and, more broadly, new opportunities for quantum materials in controlling heat 

transfer. The ability to decouple temperature and thermal radiation with our simple design 

enables new approaches to conceal heat signatures over large areas, for example for 

wearable personal privacy technologies, and also has implications for thermal management 

in space. More broadly, this demonstration can motivate new areas of inquiry for quantum 

materials that possess highly tunable electronic structures. 
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Chapter 5. Conclusion 

In this thesis, I described several demonstrations of new infrared optical phenomena 

enabled by low-index materials and phase transition materials, resulting in several devices 

that include reflective polarizers, optical absorbers, and infrared camouflage coatings. 

Specifically, using dielectrics with refractive index less than one, 𝑛 < 1, we demonstrated 

superior reflectance compared to metal mirrors, investigated the phenomenon of frustrated 

total external reflection (an analog of frustrated total internal reflection). We anticipate that 

frustrated external reflection may be useful for, e.g., compact angular filters. 

Moreover, in chapter 3, we demonstrated direct ways to couple to surface plasmon 

polaritons (SPPs), removing the bulky prisms in the Kretschmann and Otto configurations. 

Using nano-porous anodic aluminum oxide, we demonstrated very efficient reflective 

polarizers with high extinction ratios. Notably, our method does not require any 

nanopatterning or other expensive fabrication techniques, resulting in a low-cost design 

that can be easily mass produced. However, the significant angular and spectral sensitivity 

of this optical device requires stable and accurate alignment, and likely limits the utility of 

these polarizers to lasers and other narrowband light sources. 

Using a recently developed self-assembly technique to synthesize silica inverse opals 

resulting in an index of refraction close to unity (𝑛 ~ 1), we showed how we can achieve 

spectrally selective but broad-angle absorptivity/emissivity. Through this platform, we 

demonstrated infrared large-area absorbers with high temperature stability, as described in 

chapter 4. By utilizing alternative matrix materials with a different set of vibrational 
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resonances and/or by depositing materials within the IO voids, the self-assembly approach 

can enable large-area wide-angle absorbers and thermal emitters across the infrared range. 

To further engineer emissivity of a sample in a reversible way, in the second section of 

chapter 4, we showed how to thermally engineer absorptivity/emissivity using a material 

that features a highly temperature-dependent refractive index, free of hysteresis. Through 

this platform, we achieved thermal camouflage that conceals thermally emitted information 

from infrared cameras, and envision thermally regulating surfaces that may passively 

maintain the temperature of a surface. Furthermore, using this platform, one can envision 

the design and implementation of adaptive neutral density filters such that that the optical 

density depends on temperature or other type of excitation. 
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Appendix A. Measurement of 𝒏𝒐𝒙 and 𝜿𝒐𝒙 for SiO2  

For the bulk SiO2 samples used in Section 5, optical properties were extracted using variable-

angle spectroscopic ellipsometry (J. A. Woollam, Co. IR-VASE). The data was fit using a 

model comprising two Gaussian oscillators for the complex permittivity (𝜖 = 𝜖1 + 𝑖𝜖2): 

𝜖1 = Γ (
𝐸 − 𝐸𝑛

𝐵𝑟
) + Γ (

𝐸 + 𝐸𝑛

𝐵𝑟
) 

(S. 1) 

       𝜖2 = 𝐴𝑒
−(

(𝐸−𝐸𝑛)
𝐵𝑟

)
2

+ 𝐴𝑒
−(

(𝐸+𝐸𝑛)
𝐵𝑟

)
2

 
(S. 2) 

 

where A is the amplitude, En is the center energy, and Br is the broadening of the oscillator. 

The function Γ produces a Kramers-Kronig-consistent line shape, and is defined in ref. 

[105]. The resulting fit parameters are shown in Table 1.  

However, we were unable to use ellipsometry to extract the optical properties of our 

PECVD-deposited SiO2 samples due to the need to preserve the polished backside surface 

for other measurements. Without roughening the backside of the sample, interference 

effects from that interface can substantially reduce the accuracy of ellipsometric modeling 

[1]. Instead, we determined the optical constants by reverse calculating the values from 

reflectance and transmittance measurements. We measured the angle- and wavelength-

dependent reflectance and transmittance of our thinnest SiO2 films (1.5 𝜇m) on silicon, 

over the 7 – 9 𝜇m range. We then used the transfer-matrix method [15] to calculate the 

corresponding reflectance and transmittance for an unknown film defined by a complex 

refractive index that we varied across the range of reported refractive index values for SiO2 

[42]. To determine which of these best corresponded to our films, we minimized the 

function 𝑆(𝜆) for each wavelength 𝜆, defined as:   

𝑆(𝜆) = ∑ (𝛿(s,p),𝜃 + ∆(s,p),𝜃) 𝜃,𝑠,𝑝                                    (S. 3) 
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𝛿 (s,p),𝜃 ≜ |𝑅m,(s,p),𝜃 − 𝑅bf ,(s,p),𝜃| 

∆ (s,p),𝜃 ≜ |𝑇m,(s,p),𝜃 − 𝑇bf ,(s,p),𝜃| 

where 𝑇𝑚 and 𝑅𝑚 are the measured transmittance and reflectance, 𝑇𝑏𝑓 and 𝑅𝑏𝑓 are 

the corresponding calculated values, s/p identifies the polarization, and 𝜃 =

 35°, 40°, and 45° are the incident angles used. The resulting “brute-force-calculated” 

values of 𝑛ox and 𝜅ox were then fit to the same Gaussian oscillator model, as shown in 

Table 1 and Fig. 5-1. The optical properties of our PECVD SiO2 extracted using this 

method are also shown in Fig. 2-2 (dotted lines). As can be seen in Fig. 2-6, the calculated 

reflectance and transmittance using the extracted optical properties for SiO2 matched 

reasonably well with the measurement even for incidence angles greater than 45° or other 

film thicknesses (3 or 6 𝜇𝑚 SiO2).   

Figure 5-1) Optical properties of PECVD SiO2 from fitting to a Gaussian model (𝑛′𝑜𝑥, 𝜅′𝑜𝑥) and from a 

wavelength-by-wavelength fit of the transmittance and reflectance data (𝑛ox, 𝜅ox) 

Table 1. Gaussian oscillator model properties for SiO2 optical properties 

 

 Amplitude, A  Center energy, En (cm-1) Broadening, Br (cm-1) 

Bulk SiO2 10.55 1.01 1070.4 1092.2 63.58 228.63 
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PECVD SiO2 7.92 1.65 1037.5 1105.5 81.66 193.2 

 



65 
 

Appendix B. Brewster angle and pseudo-Brewster angle 

The Brewster angle is the angle of incidence for which there is no reflection of p-polarized 

light from an interface between two lossless transparent materials [25]. When light is 

incident onto a material with optical loss, such an angle does not exist, but there is still an 

angle for which p-polarized reflection is minimized, such that 
𝑑|𝑟𝑝

2(𝜃𝑝𝐵)|

𝑑𝑡
= 0; this is known 

as the pseudo-Brewster angle (𝜃𝑝𝐵) [23].  𝜃pB  is shown in Fig. S2a for the case of light 

coming from air (𝑛1 = 1) and incident on an absorbing material described by some 𝑛 =

Re{𝑛2} and 𝜅 = Im{𝑛2}. This figure shows that for large 𝑛2 (e.g., 𝑛 and 𝜅 greater than 5), 

𝜃𝑝𝐵 is large (e.g., greater than 60°). For the case of a noble metal in the mid infrared range, 

𝜃pB is greater than 85°. The high-angle p-polarized reflectance of a gold mirror is plotted 

in Fig. S2-b for the mid-infrared wavelength range, showing a decrease of reflectance 

because of the pseudo-Brewster effect. The spectral and angular window in which SiO2 has 

higher reflectance than gold is identified with a black box. The inset in this plot shows that 

p-polarized reflectance of SiO2 surpasses the reflectance of Au at 𝜆 = 7.4 𝜇𝑚 starting at 
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an incident angle of 85°. This calculation was done using the transfer matrix method 

[105][107][106] and literature optical properties for gold [26].  

Figure 5-2) (a) Calculated pseudo-Brewster angle (𝜃𝑝𝐵) for light incident from air onto a material with some 

arbitrary 𝑛 and 𝜅. (b) In the wavelength range in which the refractive index of SiO2 is less than unity, the p-

polarized reflectance of a gold mirror can decrease down to 75% because of the pseudo-Brewster effect. 
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Appendix C. Thermal emission measurements 

When using an FTIR to measure thermal emission from a sample, one can generally 

describe the detected emission signal using the following equation [86], [106], [107] :  

𝑆𝑋(𝜆, 𝑇) = 𝑚(𝜆)[𝐿𝐵𝐵(𝜆, 𝑇)𝜀𝑥(𝜆, 𝑇) + 𝐵𝑋(𝜆, 𝑇)]          (S3-1) 

where 𝑆𝑋(𝜆, 𝑇) is measured spectrum, 𝑚(𝜆) is the system response, 𝜀𝑥(𝜆, 𝑇) is the sample 

emissivity, 𝐿𝐵𝐵(𝜆, 𝑇) is the blackbody radiance, and 𝐵𝑋(𝜆, 𝑇) is the background. Note here, 

we assume the most general case where sample emissivity can be dependent on temperature 

(such as our SNO sample investigated in chapter 4) and thus the background also depends 

on sample. We performed a systematic calibration of our FTIR using few known samples. 

Due to the balance between the background emission from the sample side and the detector 

side, the background signal turns out to be −𝜀𝑥(𝜆, 𝑇)𝐿𝐵𝐵(𝜆, 𝑇𝑟𝑜𝑜𝑚) and the system 

response for our FTIR is then: 

𝑆𝑋(𝜆, 𝑇) = 𝜀𝑥(𝜆, 𝑇)𝑚(𝜆)[𝐿𝐵𝐵(𝜆, 𝑇) − 𝐿𝐵𝐵(𝜆, 𝑇𝑟𝑜𝑜𝑚)]         (S3-2) 

Using Eq. (S3-2), one can obtain the emissivity of an unknown sample from a known 

sample 𝛼 via: 

𝜀𝑥(𝜆, 𝑇) = 𝜀𝛼(𝜆, 𝑇) 
𝑆𝑋(𝜆,𝑇)

𝑆𝛼(𝜆,𝑇)
           (S3-3) 

We utilized a lab blackbody (vertically aligned vertically aligned carbon nanotube (CNT) 

forest) as an was used to extract the emissivity of SNO sample at different temperatures. 

The emissivity of our blackbody is derived using direct emission measurements of silica 
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and sapphire wafer, after the emissivity of these two samples are calibrated with the same 

number with reflection measurement. We assume this number is the black body 

emissivity 𝜀𝛼(𝜆, 𝑇) = 𝜀𝐶𝑁𝑇 = 0.98. 

To confirm the accuracy of our direct emission measurement to measures the emissivity of 

our inverse opals on silicon absorber, we performed thermal emission measurements at 

normal incidence in two different ways using a Fourier transform spectrometer (Bruker 

Vertex 70 FTIR). The first way (used in the main text) had the sample in the sample 

compartment of the FTS, where we also mounted an angle-variable stage to enable the 

angle-dependent measurements described in the main text (Fig. 5-3 (a)). The emitted light 

was detected using a mercury cadmium telluride (MCT) detector in a Bruker Hyperion 

2000 optical microscope connected to the output port on the right in Fig. 5-3 (a). The 

second method uses the same FTS, but with the sample at the situated in the microscope, 

and the beam traversing the opposite direction through the FTS, into a different MCT 

detector on the other side [Fig. 5-3 (b)]. We measured the normal-direction emissivity of 

the 4-μm-thick inverse opal sample on silicon and found the same results, performing the 

measurement in both directions [Fig.  5-3 (c)].  

 

Figure 5-3) Diagrams that outline the two different paths for emission measurements in our Fourier-transform 
spectrometer (FTS) setup. (a) In this orientation, the emission signal comes from the custom-built angular 
stage holding the heater and the sample, while in (b) the emission signal comes from an infrared microscope 
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setup to a different MCT detector, after the light passes through the interferometer. (c) Measured emissivity 
for the two different paths of previous figure through direct emission measurement.  

To confirm the accuracy of angular emission measurement, we compare results from direct 

emission measurements with angular reflectance measurements. Figures 5-4(a-b) show the 

ratio between the emissivity of silica and sapphire for three different incident angles (35, 

45 and 55°) for both the s- and p-polarization, measured with two different techniques: 

direct emission (solid lines) and reflection (1-R, dashed lines) measurements. As seen in 

the plots, regardless of the method used to extract emissivity, in highly lossy spectral region 

for both silica and sapphire (𝜆 > 7 𝜇𝑚), the emissivities values are similar, validating our 

direct emission measurement at oblique incidence. Note that in the shorter wavelength 

spectral range that sapphire becomes semi-transparent, these ratios begin to vary because 

to calculate emissivity based on Kirchhoff’s law we need to incorporate the transmission 

through sapphire wafer, which we do not do here.  

 

Figure 5-4) thermal emission verification data (a-b) Ratio of silica emissivity to sapphire emissivity at three 
different angles, resulted from direct emission measurement (solid lines) and oblique reflection 
measurement (dashed lines) and the application of Kirchhoff’s law for (s) p-polarized, and (b) s-polarized 
light. 
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Appendix D. On the insulator-to-metal transition of 

samarium nickel oxide 

As Figure 5-5 (a) shows, the resistance ~ temperature curve of SNO/Sapphire for both 

heating and cooling cycles are almost identical, demonstrating that there is no hysteresis in 

SmNiO3. The electric resistance at room temperature increases by more than 4 fold 

compared with the metallic state due the thermally driven metal-insulator transitions. 

Figure 1 (b) shows the temperature derivate of resistance has a gradual sign change from 

negative to positive at ~ 140 oC because of the occurrence of the insulator-to-metal 

transition. 

Figure 5-5) Metal insulator transition of SmNiO3 thin films grown on sapphire. (a) Normalized electrical 
resistance as a function of temperature for SmNiO3 sample. The SmNiO3 grown on sapphire substrate shows 
similar temperature dependent evolution of electrical resistance for both heating and cooling cycles. The metal 
insulator transition is ~ 140 oC [103](b) Temperature derivative of electrical resistance for SmNiO3 on sapphire, 
which change sign from negative to position at ~ 140°C indicating the transition from insulating state to metallic 

state upon heating. 
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