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ABSTRACT 

DEVELOPMENT OF FUNCTIONAL MULTILAYER COATINGS FOR GAS 

SENSING AND SMART WINDOW APPLICATIONS 

 

CEREN MİTMİT 

Materials Science and Nano Engineering, M.Sc. Thesis, July 2022 

 Thesis Advisor: Asst. Prof. Dr. Eric Meng Meng Tan 

 

Keywords: Multilayer coatings, bandpass filter, infrared, gas detection, smart window, 

visible light modulation 

Functional coatings are used in many areas, from aircraft to optoelectronic devices, 

energy-saving applications, and sensors. This thesis focuses on designing and developing 

two functional multilayer coatings. Firstly is the development of a bandpass filter which 

we combine with a custom-made lithium tantalate pyroelectric detector in an infrared gas 

detection setup to detect and determine the concentration of ethanol vapor. The 

constructed bandpass filter that consists of 7-layers of alternating germanium and 

aluminum oxide materials has a center wavelength of 3250 ± 232 nm and a peak 

transmittance of 84.5%. This wavelength range overlaps with the characteristic 

absorption mode of ethanol molecules. In the presence of ethanol vapor in the measuring 

setup, the pyroelectric detector induces a voltage signal change, thus demonstrating the 

pyroelectric effect. The measurement system can electronically detect and quantify 

various concentrations of alcohol (6% - 100% by volume), including alcoholic beverages 

like beer and wine. The second study focuses on developing a smart window that 

modulates visible light while reflecting broadband infrared light (2000 – 25000nm). The 

window is made by placing a thermoresponsive layer between a transparent heater and 

plexiglass. On a hot day, the thermoresponsive layer (Poly(N-isopropylacrylamide)) can 

change from the transparent state to the opaque state at its lower critical solution 

temperature (32.5 °C). Hence, blocking the heat from entering the indoor space. At night, 

as the temperature drops, the window’s opacity can be activated on-demand by activating 

the transparent heater made from thin layers of aluminum oxide and silver. Therefore, 

providing users with privacy protection. The window can also reflect a broad spectrum in 

the infrared, which is well suited for use during cold days. These multiple functionalities 

of the smart window provide possible solutions to the problems of space heating and 

cooling that contribute to the high electricity consumption globally.  
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ÖZET 

ÇOK KATMANLI FONKSİYONEL KAPLAMALARIN GAZ ALGILAMA VE 

AKILLI CAM UYGULAMALARI ÜZERİNE GELİŞTİRİLMESİ 

 

CEREN MİTMİT 

Malzeme Bilimi ve Nano Mühendislik, Yüksek Lisans Tezi, Temmuz 2022 

Tez Danışmanı: Dr. Öğretim Üyesi Eric Meng Meng Tan 

 

Anahtar kelimeler: Çok katmanlı kaplamalar, bant geçiren filtre, kızılötesi, gaz 

algılama, akıllı pencere, görünür ışık modülasyonu 

Fonksiyonel kaplamalar uçaklardan optoelektronik cihazlara, enerji tasarrufu sağlayan 

uygulamalardan sensörlere kadar birçok alanda kullanılmaktadır. Bu tez, iki fonksiyonel 

çok katmanlı kaplama tasarlamaya ve geliştirmeye odaklanmaktadır. Birincisi, etanol 

buharının konsantrasyonunu tespit etmek ve belirlemek için kızılötesi gaz algılama 

düzeneğinde özel yapım lityum tantalit piroelektrik dedektörü ile birleştirdiğimiz bir bant 

geçiren filtrenin geliştirilmesidir. 7 katman alternatif germanyum ve alüminyum oksit 

malzemeden oluşan yapılandırılmış bant geçiren filtre, 3250 ± 232 nm'lik bir merkez 

dalga boyuna ve %84,5'lik bir tepe geçirgenliğine sahiptir. Bu dalga boyu aralığı, etanol 

moleküllerinin karakteristik absorpsiyon modu ile örtüşür. Ölçüm düzeneğinde etanol 

buharının varlığında, piroelektrik dedektör bir voltaj sinyali değişikliğine neden olur ve 

böylece piroelektrik etkiyi gösterir. Ölçüm sistemi, bira ve şarap gibi alkollü içecekler 

dahil olmak üzere çeşitli alkol konsantrasyonlarını (hacimce %6 - %100) elektronik 

olarak algılayabilir ve ölçebilir. İkinci çalışma, geniş bant kızılötesi ışığı (2000-25000nm) 

yansıtırken görünür ışığı modüle eden bir akıllı pencere geliştirmeye odaklanıyor. Akıllı 

pencere, şeffaf bir ısıtıcı ve pleksi arasına ısıya duyarlı bir katman oluşturularak yapıldı. 

Sıcak bir günde, ısıya duyarlı katman (Poli(N-izopropilakrilamid)), düşük kritik çözelti 

sıcaklığında (32.5 °C) şeffaf halden opak hale geçebilir. Bu nedenle, ısının iç mekana 

girmesini engeller. Geceleri, sıcaklık düştükçe, ince alüminyum oksit ve gümüş 

katmanlarından yapılmış şeffaf ısıtıcıyı etkinleştirerek pencerenin opaklığı isteğe bağlı 

olarak etkinleştirilebilir. Bu nedenle, kullanıcılara gizlilik koruması sağlar. Pencere 

ayrıca, soğuk günlerde kullanım için uygun olan kızılötesinde geniş bir spektrumu 

yansıtabilir. Akıllı pencerenin bu çoklu işlevleri, küresel olarak yüksek elektrik 

tüketimine katkıda bulunan alan ısıtma ve soğutma sorunlarına olası çözümler sunar. 
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CHAPTER 1 

1. Introduction 

Over the years, researchers have conducted many studies on single and multilayer 

coatings theoretically and experimentally to create functionalities by carefully selecting 

matching materials. Various techniques can produce these coatings, including physical 

vapor deposition, chemical vapor deposition, spin coating, and atomic layer deposition. 

Typically, these coatings are thin, and the thicknesses are in the nanoscale.  

Functional coatings and multilayer structures have a variety of applications. The aircraft 

industry can benefit from these functional coatings for many different purposes. For 

example, a nose cone controls the adjustment of airflow direction and stability in the 

plane. However, the nose cone can be affected easily by ice formation. Recently, scientists 

have developed a superhydrophobic anti-icing multilayer structure with periodic micro-

nano structures on stainless steel [1]. Also, the insulation of nickel-based turbine blades 

of aircraft engines is crucial because they are subjected to elevated temperatures during 

operation. High-temperature insulation can be achieved by coating 4-layer Yttria-

stabilized zirconia (YSZ) and aluminum oxide (Al2O3) structure [2]. While aircraft engine 

compressor blade requires high erosion resistance, compressor blades working in the 

marine or acidic environment requires good corrosion resistance. Multilayered CrAlTiN-

AlTiN and CrAlTiN-CrN can increase erosion and corrosion resistance, respectively [3]. 

Also, it is common to use functional coatings for different sensing applications. For 

example, ZnO, an n-type semiconductor, has high stability in a toxic-environment. It is 

sensitive to CO2 gas, depending on the operation temperature and thin film thickness [4]. 

Furthermore, coatings can serve as energy-saving materials in our daily life. Air 

conditioning and cooling expenses in buildings can be reduced by controlling the total 

heat transfer inwards and outwards of a building. Windows coated with low-E coatings 

can reflect most solar heat on hot days and retain heat inside the building on cold days. 
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While blocking the heat, the coatings allow transmittance in the visible light that is well 

suited for a window application. Due to high reflectance properties, conventional low-E 

coatings consist of a very thin silver layer and dielectric multilayers. However, various 

new studies exist in the literature to show an alternative to the thin silver layer, such as 

the use of aluminum nitride (AlN) [5] for air-stability of the window and integration of 

vanadium dioxide (VO2)
 [6] film to increase luminous transmittance. 

By adjusting the layer thickness and the material properties of the individual layers in a 

multilayer structure, the optical filters can reflect or transmit light in the desired intensity 

and wavelength range. The optical filters generally consist of 2 types. Those made by 

focusing on dielectric/dielectric layers are designed to maximize transmission or 

reflection. Those combining metal/dielectric layers are produced to achieve spectral 

selectivity [7]–[9] or the required sheet resistance [10]. Reflective filters have been 

developed for various applications such as passive radiative cooling [11], solar reflection 

[12], display [13], [14], and enhancement of laser beam power[15]. Whereas transmission 

filters are developed for optical sensors [16], high-resolution imaging [17], and gas-

sensing applications [18]. This thesis consists of three main chapters. In the first chapter, 

the thesis gives information about the light-matter relationship, the theory, production, 

and characterization of multilayer coatings. The second chapter describes the design, 

fabrication, and characterization of a multilayer bandpass filter and lithium tantalate 

(LiTaO3) pyroelectric detector. The 7-layer mid-infrared bandpass filter, which has a 

center wavelength of 3.2 𝜇m and bandwidth of ±232 nm, is produced by alternating Ge 

and Al2O3 layers. We developed an optical gas detection setup by combining the bandpass 

filter and the pyroelectric detector. In the presence of ethanol in the measuring setup, the 

detector shows a sensitive response to a change in temperature and induces a voltage 

change. Therefore, we show that the optical gas detection system can detect and quantify 

various ethanol concentrations (6% - 100% by volume), including alcoholic beverages 

like beer and wine. Such a detection system shows the potential to detect other gas 

molecules just by changing the bandpass filter that only overlaps with the vibrational 

absorption mode of the target gas. 

The third chapter describes the development of a smart window that shows three 

functionalities; passive visible light modulation, on-demand visible light modulation, and 

broadband infrared light reflection. To construct the smart window, we prepare two 

materials. First, a heat-responsive material, poly-NIPAM, is synthesized via radical 
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polymerization.  Secondly, we produce a transparent heater from an oxide-metal-oxide 

(OMO) multilayer structure. The materials are combined where the thermoresponsive 

layer is placed between the transparent heater and plexiglass. We show that the smart 

window can modulate the visible light when the environment temperature reaches the 

lower critical solution temperature at 32.5 °C. At this temperature, the thermoresponsive 

layer changes from the transparent state to the opaque state, attributed to the change in 

the polymer structure. In this transition, the smart window blocks the outdoor heat. Users 

can activate the window’s opacity on-demand when the environment cools down at night 

by activating the transparent heater. Thus, ensuring privacy protection for the users. The 

smart window can also be used in colder countries because the window can reflect 

generated heat indoors to maintain a comfortable temperature. The combined 

functionalities of this smart window can be a solution to reduce energy consumption for 

space heating and cooling. 

1.1.  Theoretical Information 

1.1.1. Optical Constants and Complex Refractive Index  

The refractive index defines the bending or refracting ratio when light enters a material. 

That can be explained by Snell's law of refraction in the following equation 1 [19]. 

𝑛1𝛳1 = 𝑛2𝛳2     (1) 

The reflection at the surface of the medium and the absorption in the medium depend on 

a magnitude called the complex refractive index. It is denoted by the symbol ṉ and 

expressed by the following equation 2.  

ṉ = 𝑛 ± 𝑖𝜅    (2) 

In the equation above, n is the real part of the refractive index and indicates the phase 

velocity, while the imaginary part κ is called the extinction/absorption coefficient —

although κ can also refer to the mass attenuation coefficient — and indicates the amount 

of attenuation when the electromagnetic wave propagates through the material. 

Alternatively, we can describe a material's optical properties by a complex dielectric 

function, as seen in equation 3.  

𝜀 = 𝜀1 ± 𝑖𝜀2    (3) 
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The relation between the complex refractive index and the complex dielectric function 

can be described as follows. 

𝜀 = ṉ2    (4) 

In the complex refractive index, n and k explain how a light wave is influenced by 

material. In the dielectric function, ε1 and ε2 explain how the light wave influences the 

material. 

1.1.2. Interference in Thin Film and Multilayer Structure 

Interference is the main principle of thin films. When a light wave hits the thin film 

material, it is reflected from both boundaries, as shown in figure 1A. This phenomenon 

can be explained by the Fresnel equation. The light beam that meets the film at the air-

film interface splits into two by reflecting and propagating through the film. The light 

beam that refracts from point A and enters the film undergoes a second reflection at the 

film-substrate interface (from point B). The beam then leaves the film at point C. Rays 

reflected from both surfaces travel parallel to each other. Internal reflections continue 

between surfaces until a certain part of the beam loses its intensity in the film. If the 

refractive index of the thin film material is greater than the refractive index of the medium 

from which the wave originates, a 180° phase shift occurs in the reflected wave. If the 

refractive index of the medium from which the wave originates is greater than the 

refractive index of the thin film material, n, no phase shift will occur in the reflected wave 

[20]. Depending on the phase of these reflected waves, constructive or destructive 

interference occurs. Constructive interference causes reflection to increase, while 

destructive interference causes reflection to decrease. The desired reflection and 

transmission ratios depend on the phase difference, namely the refractive index and the 

film thickness [21]. 
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Figure 1. A) Interference in a thin film. B) Interference in a multilayered structure. 

Interference in multilayered structures is similar to interference in thin-film materials; 

light waves are reflected at each boundary in multilayered structures. A multilayered thin-

film structure is shown in Figure 1B. The refractive index of material B used here is 

greater than that of material A (𝑛𝐴 < 𝑛𝐵). In this case, while a 180° phase change occurs 

at each A-B boundary, there is no phase change at B-A boundaries. At the low refractive 

index layer surface, no phase shift occurs in refraction or reflection. Half-wavelength 

phase shift occurs in reflection at the surface of the layer with a high refractive index. 

Equations 5 and 6 show the necessary conditions for constructive interference and 

maximum reflection, respectively [22]. 

2(𝑛𝐴𝑑𝐴𝐶𝑜𝑠𝛳𝐴 + 𝑛𝐵𝑑𝐵𝐶𝑜𝑠𝛳𝐵) = 𝑚𝜆   (5)       

2𝑛𝐴𝑑𝐴𝐶𝑜𝑠𝛳𝐴 = (𝑚′ − 1/2)𝜆    (6) 

In Equations 5 and 6, 𝑑𝐴 and 𝑑𝐵 are the thickness (m) of the A and B thin films; 𝑛𝐴 and 

𝑛𝐵 are the refractive indices of the thin films; 𝜃𝐴 and, 𝜃𝐵 are the angle (degrees) of the 

incident wave at the lower boundary of the A and B thin films; 𝜆 is the wavelength of the 

light. 

Multilayer structures can be built with various techniques. The transfer matrix method 

(TMM) is based on Maxwell's equations and analyzes the propagation of an 

electromagnetic wave or an acoustic wave through a layered medium. Accordingly, there 

are simple continuity conditions for the electric field along boundaries from one medium 

to another. If the field is known at the beginning of a layer, the area at the end of the layer 

can be obtained with the help of a matrix operation. A multilayered stack can also be 

represented as a system matrix that is the product of individual layer matrices [23]. 
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OpenFilters is an open-source software that Stéphane Larouche and Ludvik Martinu 

developed to design and simulate optical structures. The software uses a matrix approach 

to calculate and simulate the multilayer structures [24]. Generally, it is challenging to 

design a multilayer thin film precisely. However, OpenFilters can optimize the desired 

structure by changing layer thicknesses according to user-defined targets. We use 

OpenFilters software to design, optimize and simulate our multilayer thin films. The 

success of the software in designing optical filters also depends on the user. The user 

should guide the software at the beginning by entering the optical constants of layer 

materials, defining the number of layers and their initial thicknesses. To be able to define 

all these, the theory behind the multilayer structure should be known. The following 

sections will explain the design theory of two different multilayer structures used in the 

thesis. 

1.1.3. Bandpass Filters 

Several types of multilayer structures exist for different purposes, such as anti-reflection 

coatings, mirrors, and bandpass filters. Depending on the arrangement of the layers, the 

number of layers, optical constants, substrate, and material properties, there are many 

possibilities to achieve the desired optical component. For example, a simple anti-

reflective coating should consist of a single film that has a refractive index equal to the 

square root of the substrate, and its optical thickness should be one-quarter of a 

wavelength. Another fundamental type of thin-film structure is a stack of alternate high- 

and low-refractive-index layers with quarter-wavelength thicknesses. In this structure, the 

phase shift on reflected light will not occur within the high index material, while the 

reflected light within the low index material will shift 180°. This assembly is the basic 

structure of high-reflectance coatings and can make the reflection as high as possible by 

increasing the number of layers. After the construction of these coatings, it was observed 

that the high reflectance is limited to a certain wavelength range while the reflectance on 

the other wavelengths is quite low, which allows for the design of thin film optical filters 

such as long-wavelength pass, short-wavelength pass, band-pass and Fabry-Perot filters 

[25]. 

A filter that allows transmission for a selected range of wavelengths and rejects the others 

is known as a bandpass filter. We use a technique that combines shortwave-pass and 

longwave-pass filters to design a bandpass filter with a customized range. By combining 
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these filters that have transmittance at different ranges on the spectrum, a bandpass filter 

can be obtained, as shown in figure 2. Either we can coat these two filters on the opposite 

sides of the substrate or add them up on the same side of the substrate. The structure of 

the filter can be represented as Air/(Longwave-pass)/Substrate/(Shortwave-pass)/Air or 

Air/Substrate/(Longwave-pass)/(Shortwave-pass)/Air where longwave-pass and 

shortwave-pass are N-fold periodic replication of high and low index materials that can 

also be shown as (HL)N. 

 

Figure 2. Combination of longwave pass (highpass) and shortwave pass (lowpass) filters 

designed in OpenFilters Software. 

 

If a narrow bandpass filter [26] is desired, a thin film Fabry-Perot resonator is well-suited 

for the purpose. The Fabry-Perot filter consists of a dielectric spacer (optical cavity) layer 

that usually has a half-wavelength thickness, confined by two high reflectance coatings 

(Figure 3) [25].  Due to the placement of an optical cavity between two reflective coatings, 

light interference occurs between the multiple reflections. If the transmitted beams are in 

phase, maximum transmittance is obtained as a result of constructive interference. 

Conventionally, reflecting layers are metallic, but the structure can be designed as all-

dielectric. The symbolic representation of the single-cavity Fabry-Perot structure is 

Air/Substrate/(HL)N/LL/(HL)N/Air when the medium is the air. A single-cavity Fabry-

Perot filter has a triangle transmittance structure, and the filter can be further developed 

by adding more cavities. The combination of two cavities is known as double-cavity or 

double-halfwave filter (DHW), and it is represented as Air/Substrate/(HL)N/LL/(HL)N/ 

LL/(HL)N/Air. The number of optical cavities can be increased to triple-halfwave (THW) 
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by adding one more cavity to DHW, which will result in similar bandwidth as DHW but 

with steeper sides.  

 

Figure 3. Structure of the Fabry-Perot filter [23]. 

 

The increase in layer thickness is required to achieve transmittance in higher wavelengths 

according to the quarter wavelength theory. However, thicker coatings can cause 

problems such as reduced transmittance intensity and thermal stress accumulation. 

Substrates with significant mismatch coefficients of thermal expansion (CTE) with the 

deposited coating materials can induce crack formation due to residual stress on coating. 

The problems can be resolved by selecting the appropriate layer materials suitable for the 

electromagnetic region of interest while maintaining a good CTE match. For instance, 

selecting high- and low-index materials with large differences in their refractive indices 

can prevent stress accumulation and exfoliation by decreasing the overall thickness. 

Germanium, Ge (n~4) as high-index and aluminum oxide Al2O3 (n~1.6) [27] as low-

index materials are a good pair of materials for the mid-IR region.  

1.1.4. Design of Transparent Resistive Heaters 

A transparent conductive electrode (TCE) is essential for devices such as thin-film solar 

cells, light-emitting diodes, flat-panel displays, touchscreens, and electrochromic devices. 

The OMO structure is suitable for transparent heater design because it allows us to 

optimize electrical conductance and optical transmittance at the same time. Since the 

resistivity of the OMO electrode is dominated by electron transport in the ultra-thin metal 
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layer that is sandwiched between the top and bottom oxide films in the OMO electrode, 

the material type and morphology of the ultra-thin metal layer are crucial parameters to 

ensure a high electrical conductance. The increase in thickness of the metal layer will 

decrease the resistance. However, the transmittance will decrease dramatically due to 

increased interaction between the photons and free electrons in the metal layer. Therefore, 

an ultrathin metal layer of mostly less than 10 nm should be coated to overcome this 

situation. The deposited metals are inclined to coalescence and make island-like 

structures in the early stages of growth. A supporting oxide layer that will be coated on 

the bottom can support the homogenous growth of metals. Moreover, an oxide layer on 

top can protect the metal layer and enhance the transmittance of the overall structure to 

the longer wavelength range [28]. 

1.2.  Fabrication Techniques 

Different deposition techniques can obtain the required properties of the thin film and 

modifications of the existing properties [29]. There are numerous deposition techniques, 

but since this thesis focuses on thin film deposition for forming nanometer-sized layers, 

priority will be given to the two major deposition techniques, particularly the sputtering 

and e-beam evaporation techniques we used for coating deposition in the thesis studies. 

The techniques used are sub-branches of the physical vapor deposition (PVD) method. 

The physical vapor deposition (PVD) method removes atoms from the material’s surface 

and deposits them on the substrate in a high-vacuum chamber. The thickness of the films 

produced from these methods can be controlled from a few nanometers to micrometers. 

Coating speed may vary with applied voltage or temperature. 

1.2.1. Sputtering 

In the sputtering technique, ionized atoms are bombarded on the target material, and the 

atoms detached from the target material are accumulated onto the substrate, thus, forming 

a thin coating. Argon gas is generally preferred in a sputtering system because it is both 

inert and cheap. The operating scheme of the sputtering system is shown in figure 4A. 

Various sputtering techniques exist in the literature, and their names are given based on 

the source and the orientation of the process. The techniques are diode sputtering (cathode 

or radio frequency), reactive sputtering, bias sputtering, magnetron sputtering, and ion-

beam sputtering [30]. Depending on the power sources, two common types of sputtering 

are available. 
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DC sputtering is one of them, and it has planar electrodes (anode and cathode). The target 

material is placed on the cathode, and the substrate is located at the anode. Argon gas is 

preferred over neon and helium gases because its higher mass creates more energetic 

collisions with the target. While the target, which is the source of the material to be coated, 

is placed on the cathode, the substrate to be coated is placed on the anode. A high DC 

voltage is applied between the cathode and the anode to maintain glow discharge (current 

flow). As a result of the glow discharge, the gaseous ions are accelerated through the 

target material, and sputtering occurs from the target. The sputtered target material is 

deposited on the substrate, thus forming a thin layer. Generally, the target material should 

be metal or highly conductive for DC sputtering because only a conductive material can 

maintain glow discharge between the electrodes [29], [31]. 

To overcome the conductivity requirement of the target material, RF (radio frequency) 

sputtering is used for non-conductive materials. The electrical potential of the current is 

alternating in the vacuum atmosphere at radio frequencies to avoid charge building up on 

the target material. A blocking capacitor is placed between the cathode and the anode, 

and they are connected in series. The capacitor helps the power transfer from the RF 

source to the plasma discharge. The cathode is bombarded with a high voltage at a fixed 

frequency of 13.56 MHz in a vacuum atmosphere. This bombardment causes the high-

energy ions to sputter the atoms, and the sputtered atoms are coated onto the substrate as 

a thin layer [32], [33]. 

As a result of ion bombardment, secondary electrons are emitted from the target material 

during the sputtering process. Restricting these electrons' movements can increase the 

process's efficiency. Therefore, magnetron sputtering was developed to achieve higher 

deposition rates, high ionization efficiency in plasma, and overcome substrate heating 

effects. The magnetron sputtering system uses a magnetic field positioned parallel to the 

target surface, limiting secondary electron movement around the target [34], [35]. 

1.2.2. E-beam Evaporation 

The evaporation of source material in a vacuum chamber using high-energy electrons in 

the form of an intense beam is called electron beam evaporation. The schematic of the e-

beam evaporation system is shown in figure 4B. This method is advantageous as it allows 

the evaporation of materials with high melting temperatures (up to 4000 °C). A hot 

filament causes thermionic electron emission [36] and the resulting electrons are 
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accelerated and directed with the help of a magnetic field. The magnetic field also allows 

evaporation induced by the sweeping motion of the electron beam, thus enabling uniform 

evaporation of the source material. A homogenous coating thickness on the substrate can 

be obtained by rotating the substrate holder. In addition, different reactive gases can be 

supplied to the chamber to react with gaseous target material to coat a mixture of 

compounds on the substrate. 

 

Figure 4. A) Schematic representation of sputtering process. B) Schematic of e-beam 

evaporation system. Reprinted from John X.J. Zhang, Kazunori Hoshino, Fundamentals 

of nano/microfabrication and scale effect, in: Molecular Sensors and Nanodevices, 2019, 

pp. 43–111, with permission from Elsevier [37]. 

 

1.3.  Characterization of Thin Films by Ellipsometry 

There are several common methods to determine thickness, such as calipers, micrometers, 

and yardsticks. However, these techniques are not useful when the thickness of the film 

is thinner than a micrometer. Also, techniques of interferometry (where intensity is the 

measured quantity) are ineffective for thicknesses lower than several thousand angstroms 

[38]. On the contrary, ellipsometry is a useful technique for film thicknesses from several 

micrometers to sub-nanometer. The primary working principle of ellipsometry is derived 

from polarized light. A linear light beam with p- and s- polarization components is 

directed to the sample of interest, and reflected light from the sample is detected. In other 

words, ellipsometry measures the change in the polarization state of p- and s- components 

of the incident light beam after being reflected from the sample. The change in 

polarization is denoted as an amplitude ratio, Ψ, and a phase difference, Δ. The response 

from the measurement depends on the thickness and the optical properties of the thin film. 

Other material properties associated with a change in optical response, such as the doping 
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concentration, crystallinity, surface roughness, and composition, can also be 

characterized. 

In 1864, Maxwell proposed a theory that light is an electromagnetic wave and can be 

explained with Maxwell’s Equations. According to the theory, the electromagnetic wave 

is not an actual material, but instead, it is both an electric field (E) and a magnetic field 

(B). The vector fields, E and B, are perpendicular to each other, while both are 

perpendicular to the direction of propagation. In an ellipsometric measurement, only the 

vibrations of the electrical field is considered [38], [39]. The geometric orientation of an 

electric field in space and time depending on the direction of its propagation is called 

polarization. A light that has random orientation and phase is described as unpolarized 

light. Light following a specific path, orientation, and phase can be considered polarized. 

Figures 5A, B, and C represent the linear, circular and elliptical polarized light according 

to a z- direction of propagation. Elliptical polarization is defined by the orthogonal waves 

with arbitrary amplitude and phase, and ellipsometry utilizes elliptical polarization.  

 

Figure 5. Combination of orthogonal waves for demonstration of A) linear B) circular C) 

elliptical polarization [39]. 

 

When linearly polarized light is directed to a surface, it will reflect from the surface as 

orthogonal waves with arbitrary amplitude and phase. In other words, the reflected light 

is elliptically polarized. The change in polarization depends on the interaction of light 

with the sample, where sample parameters such as optical constants, film thickness, and 

the number of layers can affect the change. Ellipsometry measures this polarization 

change to determine the optical properties of the sample. Figure 6 shows the measurement 

principle of ellipsometry.  
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Figure 6. Demonstration of the ellipsometry measurement [38]. 

 

Electric fields parallel and perpendicular to the plane of incidence are called p- and s-

polarized, respectively. Primarily, ellipsometry measures s- and p- polarization change 

upon reflectance or transmittance after the interaction of light with a sample. This 

phenomenon can be described with the following equation, 

𝜌 =
𝑅𝑝

𝑅𝑠
= 𝑡𝑎𝑛𝜓 𝑒∆𝑖     (7) 

In equation 7, rho (ρ) is a complex number; Rp and Rs are the reflectivities of p- and s- 

polarized light, respectively; and the ellipsometric parameters tan𝜓 is the magnitude of 

the reflectivity ratio and ∆ is the phase.  

The interference, which is mentioned in section 1.1.2, contains both amplitude and phase 

information [40]. Depending on the film thickness and optical constants, constructive and 

destructive interference occurs and thus affects the phase (∆) and magnitude (ψ). Figure 

7A and 7B show spectroscopic ellipsometry measurements of 70 nm and 247 nm 

germanium coating between 200-1000 nm wavelengths and at 75° incidence angle, 

respectively. The phase (∆) is very sensitive to the coating thickness and can be observed 

from the comparison of phases in Figures 7A and 7B. The path length of light traveling 

through the film is determined by thickness, while the refractive indexes determine the 

velocity of light waves and the angle of refraction. Therefore thickness measurements are 

dependent on the optical constants [41].  
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Figure 7. Ellipsometry measurement of A) 70 B) 247 nm germanium thin film. 

 

The material’s optical constants change as a function of the wavelength. Moreover, the 

optical constants affect the optical properties (transmittance, reflectance, absorbance) of 

the coating or thin film. Therefore, each material has unique light transmittance and 

absorbance within a specific wavelength range depending on its optical properties. The 

ellipsometric measurements taken depending on the material's transmittance or absorbing 

wavelength range should be modeled with a suitable dispersion relation for that range. 

Modeling is done by fitting the ellipsometric measurement to the appropriate dispersion 

relation, such as Cauchy, Sellmeier, and Lorentz. The measurement should be fitted to a 

correct model and in the correct wavelength range to determine the optical constants. The 

following two sections discuss the various models fitting for transparent and absorbing 

layers in the 400 – 1000 nm wavelength range.  

1.3.1. Modeling of Transparent Films 

Refractive indexes increase when the wavelength decreases for all transparent coatings 

and films. This phenomenon can be referred to as normal dispersion. Two dispersion 

relations that are typically used to describe the refractive indices of transparent and 

dielectric materials are Sellmeier and Cauchy. Cauchy relation is a simplified version of 

Sellmeier and can be applied in the spectral region that is far from the absorption region 

of the coating [42]. Equation 8 describes the Cauchy dispersion relation. 

𝑛 = 𝐴 +
𝐵

𝜆2
+

𝐶

𝜆4
    (8) 

A, B, and C are Cauchy coefficients that describe the real part of the refractive index. 

Figure 8 shows a typical refractive index curve for a transparent dielectric thin film 

modeled using the Cauchy dispersion relation. 
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Figure 8. Optical constants of SiO layer. 

 

In its original form, the Cauchy relation assumes that k is 0. Nevertheless, the relation can 

be modified for materials that have slight absorption in the UV range by adding the 

relation of extinction coefficient (k). As described below (equation 9), the Urbach 

equation models the extinction coefficient for small absorption features [43]. 

𝑘(𝜆) = 𝐴𝑘𝑒𝐵𝑘(𝐸−𝐸𝑏)    (9) 

In equation 9, E is the photon energy, and Eb is the 1240/𝜆b. 𝜆b is suggested to set to a 

value that is near to the shortest wavelength range by the analyst where Ak and Bk can 

vary. However, this relation cannot be used for highly absorbing materials.  

1.3.2. Modeling of Absorbing Films 

The absorbing materials often have transparent regions in electromagnetic spectra that 

can be modeled with Cauchy or Sellmeier equations. Refractive indexes in the absorbing 

regions can be modeled using either the oscillator theory or B-Spline interpolation, 

depending on the complexity of the thin film. B-spline is preferred to describe more 

complex functions in a multilayered structure, while the oscillator model is preferred for 

a low number of layers. The general shape of a material's refractive indices in the 

absorbing range is such that there are peaks in absorption at resonant frequencies where 

the material is most likely to absorb incident light of that wavelength. If a sample has 

unknown refractive indexes or has both absorbing and transparent regions in the 
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measurement, B-Spline can be a good choice because it allows flexibility while modeling 

the refractive indexes. The oscillator theory is generally explained by complex dielectric 

function because the oscillator shapes(Figure 9A) are based on how a material reacts to 

the incoming electromagnetic wave. Moreover, it is common to use the x-scale as a 

function of frequency (photon-energy) instead of wavelength. Many dispersion relations 

use oscillator theory to model absorption, including Lorentz, Harmonic, and Gaussian 

[44]. Firstly, the imaginary part of the refractive index is described by the oscillator. Then, 

Kramers-Kronig consistency is used to create the shape of the real part while modeling 

the absorbing films. All oscillators have similar features such as amplitude, broadening, 

and center energy. The equation for the Lorentz oscillator is written as shown in equation 

10 as an example. 

𝜀 = 𝜀 1 𝑜𝑓𝑓𝑠𝑒𝑡
+

𝐴𝐸𝐶

𝐸𝐶
2 − 𝐸2 − 𝑖𝐵𝐸

    (10) 

where A, B, and EC are the amplitude, broadening, and center energy, respectively. E is 

the photon energy (eV). 

ε2 is described by the center energy, amplitude, and broadening of the resonant absorption 

with a Gaussian oscillator, as shown in Figure 9A. The difference between the Gaussian 

and Lorentz oscillators is shown in figure 9B by plotting ε2 as a function of the photon 

energy. It can be seen that Gaussian approaches zero faster than Lorentz. 

 

Figure 9. A) A single Gaussian oscillator B) Comparison of Gaussian and Lorentz 

oscillators [38]. 
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Both of the curves are symmetric. However, a material with a bandgap and no absorption 

behavior below that bandgap energy can be modeled by using asymmetric oscillators such 

as Tauc-Lorentz and Cody-Lorentz. These oscillators are common to model amorphous 

dielectrics and semiconductors [38], [45]. The main difference between these two 

oscillators stemmed from modeling absorption at energies slightly higher than bandgap. 

While the Tauc-Lorentz follows the Tauc law shown in equation 11, Cody-Lorentz is 

shown in equation 12, where Eg is the band gap energy. Also, it is possible to add an 

Urbach tail to the Cody-Lorentz for small absorption behavior at the energies below the 

band gap [44].  

𝜀2(𝐸) ∝
(𝐸 − 𝐸𝑔)

2

𝐸2
   (11) 

𝜀2(𝐸) ∝ (𝐸 − 𝐸𝑔)
2

   (12) 

The imaginary part versus photon energy plots for Tauc-Lorentz and Cody-Lorentz 

oscillators are shown in Figures 10A and 10B, respectively.  

 

Figure 10. Model of  A) Tauc-Lorentz B) Cody-Lorentz for the imaginary part of the 

dielectric function of HfO2 [46]. 
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The chapter is in preparation for submission to ACS Sensors. 

 

 

 

 

 

 

 

CHAPTER 2 

2. Identifying and Quantifying Alcohol in Beverages with Pyroelectricity 

2.1. Aim of the Study 

Ethanol is one of the immense organic chemicals used in industrial and consumer goods. 

It is the only type of alcohol that is safe for consumption. The alcohol amount in alcoholic 

beverages is indicated as alcohol by volume (ABV). It is crucial to identify and quantify 

the alcohol content due to strict regulations as the amount of alcohol consumed directly 

affects the body. We combine a customized optical bandpass filter centered at 3250 ± 232 

nm and a 60 µm thick LiTaO3-based pyroelectric detector in a non-dispersive infrared gas 

detection system to detect and quantify ethanol of different concentrations. The bandpass 

filter fabricated using e-beam evaporation systems consists of alternating high and low 

refractive index layers, Ge and Al2O3, respectively. In the presence of ethanol in the gas 

cell and the bandpass filter placed in the light path between the broadband infrared light 

source and the pyroelectric detector, the detection system shows a voltage signal drop 

attributed to the pyroelectric effect. This electronic response occurs when light is 

absorbed by the ethanol molecules, thus changing the temperature. As the ethanol 

concentration increases from 6% to 100%, the difference in signal change increase from 

0.1 V to 0.8 V. We also show that the measurement system can detect and quantify 

alcoholic beverages such as beer (6% ABV) and wine (13% ABV). Notably, a complete 

detection can be done in just under 2 minutes. 

2.2. Introduction 

Monitoring of alcohol and its concentration for numerous industrial processes to produce 

alcoholic beverages [47], [48], food[49], cosmetic, and pharmaceutical products [50] are 
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becoming important due to stringent regulations and increasing health concerns. 

Analytical methods to determine the concentration of alcohol must be reliable and 

accurate to control the fermentation process and accurate labeling of alcohol content on 

a package. Hydrometers and refractometers are often used in the brewery industry to 

obtain quick measurements of the alcohol content. However, this method depends on the 

operator’s expertise and determines the alcohol content indirectly by measuring the sugar 

content [51]. Liquid chromatography technique, which is the “gold” standard for ethanol 

testing, is too expensive, slow, and requires a laboratory. Such a method is only suitable 

for bigger companies [52]. Another alternative method to determine alcohol content in a 

food process and alcoholic beverages is an optical-based sensor. This method utilizes the 

mid-infrared (MIR) spectral region between 2-25 µm that is part of the electromagnetic 

spectrum where a vast array of molecules exhibits strong characteristic vibrational 

absorption modes. Such a method is suitable for the detection of ethanol due to the distinct 

absorption peaks in the region 3367 – 3449 nm (2899 – 2970 cm-1) attributed to the CH 

stretching of the molecule. Given the scalability of this method to detect different 

molecules, there is considerable interest in the method due to this “molecular fingerprint” 

region where vibrational and rotational characteristics of molecules can be distinguished 

to identify and quantify the molecule of interest unambiguously [53], [54]. With the 

emerging trend of consumer electronics and sensors for the internet of things (IoT), 

optical gas sensors are becoming popular for use in chemical analysis applications such 

as air quality monitoring [55], [56], medical diagnosis [57], [58], and industrial and food 

process control [59]. Therefore, optical gas sensors like the non-dispersive infrared 

(NDIR) gas sensor has advantages due to the selective detection based on the 

characteristic vibrational absorption wavelength [56], high sensitivity [60], and fast 

response time [61]. Like most optical sensors, an NDIR gas sensor comprises a broadband 

light source that encompasses the MIR wavelength, a certain length of gas cell that allows 

light to interact with the gas of interest, a narrowband optical filter that overlaps with the 

characteristic absorption wavelength of the gas target, and an optical detector to detect 

the absorbed wavelength of the light beam. 

In this work, we propose an NDIR gas detection system by fabricating MIR multi-layer 

bandpass filter and LiTaO3 pyroelectric detector. For the multilayer bandpass filter, we 

show how we realize the design and fabrication of this optical component. Optical multi-

layer filter generally consists of 2 types of materials: materials focusing on 
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dielectric/dielectric layers are designed to maximize transmission or reflection, and 

materials focusing on dielectric/metal are designed to emphasize broad and narrow 

spectral selectivity for reflectance and absorption [62], [63]. The former option was 

chosen to achieve high transmittance in a selected wavelength region. Various materials 

which are transparent in the MIR range have been used to design optical filters, including 

germanium (Ge) and zinc sulfide (ZnS) [64], [65], niobium pentoxide (Nb2O5) [66], 

silicon monoxide (SiO) [67], and aluminum oxide (Al2O3) [68]. Among these materials, 

we used Ge and Al2O3 to fabricate the multi-layer bandpass filter due to the large 

difference in the refractive indices between Ge and Al2O3 (∆n > 2), which reduces coating 

stress accumulation [68], thermal stress mismatch, and reduces the number of layers to 

achieve the desired spectral selectivity [69]. In addition, the high transmittance intensity 

in the MIR for this pair of materials over other materials is highly desirable for our 

application [69]. 

Among the different optical detectors such as photodiode [66], [70], [71], thermopile [57], 

and pyroelectric [72]–[74], we chose to fabricate LiTaO3 pyroelectric detector. Despite 

the disadvantages in sensitivity and responsivity, the pyroelectric detector has several 

advantages, including ease of fabrication, less expensive, wide spectral response, and 

operation in uncooled conditions [75]. Lithium tantalate (LiTaO3) is an attractive material 

for the pyroelectric device because of its high chemical stability, high Curie temperature 

(620 °C), and it is insoluble in water. Due to its robust properties, the LiTaO3 pyroelectric 

detector is used in various applications, including motion detection, flame detection, and 

broadband infrared sensor. The pyroelectric material undergoes spontaneous polarization 

and thermal expansion in its crystal lattice upon detection of temperature change. As a 

result, the pyroelectric effect induces a change in the detector’s electronic signal [75]–

[77]. We selected a z-cut, 60 ± 10 𝜇m thick, 1 cm2 area, lithium tantalate (LiTaO3) as the 

pyroelectric material with 2.3×10-7 C/cm2/K pyroelectric coefficient (p). Coating 

electrodes on both sides of a z-cut LiTaO3 substrate allows opposite charges to be 

collected onto the electrodes when the pyroelectric material detects a change in 

temperature. Thus, a current is generated and flows to the external circuit. The z-cut 

pyroelectric substrate is favorable for our application as the pyroelectric device can be 

fabricated in a layered manner and with the desirable active area [78]. Pyroelectric current 

(Ip) is proportional to the detector’s active area (A), and the rate of change in temperature 

(dT/dt) as given in equation (13). 
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𝐼𝑃 = 𝑝𝐴
𝑑𝑇

𝑑𝑡
       (13) 

We intend to prove in this work that pyroelectricity from LiTaO3 can detect ethanol vapor 

of different concentrations and alcohol concentrations found in beverages like beer and 

red wine at room temperature. Notably, this proof of concept shows potential scalability 

for other applications which require the detection of gas targets that absorb at 3250 nm. 

This system can be improvised to detect other gas molecules by changing to another 

suitable bandpass filter to achieve the desired selectivity. 

2.3. Materials 

 

Aluminum oxide (Al2O3, 99.99%), germanium (Ge, 99.99%), chromium (Cr, 99.99%), 

sapphire substrate and Z-cut lithium tantalate (LiTaO3) crystal were purchased from 

Maideli. Gold (Au, 99.9%), local beer, and local wine were purchased from local 

suppliers. 

2.4. Methods 

2.4.1. Development of the Multilayer Band-pass Filter 

 

Single-layer Al2O3 and Ge thin coatings were deposited on a 0.3 mm thick polished Si 

substrate by e-beam evaporation at 4.2x10-6 mbar pressure and 0.15 nm s-1 deposition 

rate. These deposition parameters were kept constant for the coating deposition processes. 

The refractive indices of substrate and multilayer coating were measured by spectroscopic 

ellipsometry (M-2000D, J. A. Woollam Inc.) and modeled in CompleateEase software. 

The bandpass filter designs of 5-layer, 7-layer, and 9-layer stacks were simulated in 

OpenFilters Software with the materials’ modeled refractive indices. Table 1 summarizes 

the designed layer thicknesses of 5-, 7-, and 9-layer stacks. 

Table 1. Designed thicknesses of multilayers at 3250 nm center wavelength. 

Layer Order 5-layers 7-layers 9-layers 

1. 254.68 404.67 392.15 

2. 516.83 536.32 513.31 

3. 57.23 224.46 205.58 

4. 211.31 203.02 298.25 

5. 192.69 62.28 29.86 
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6.  354.89 528.34 

7.  312.01 313.25 

8.   353.63 

9.   51.12 

 

The designed 7-layer bandpass filter was deposited on a 0.5 mm thick sapphire substrate 

in an e-beam evaporation chamber (TORR Evaporation Systems). Table 2 shows the 

simulated thickness of every layer of the design before fabrication and their measured 

thickness after fabrication. 

Table 2. Simulated and fabricated thickness comparison of layers. 

Materials Simulated thickness (nm) Measured thickness (nm) 

Ge 404.67 439.85 

Al2O3 536.32 520.66 

Ge 224.46 232.46 

Al2O3 203.02 211.58 

Ge 62.28 60.50 

Al2O3 354.89 320.67 

Ge 312.01 324.29 

   

2.4.2. Preparation of the Pyroelectric Detector 

 

The top and back electrodes of a z-cut LiTaO3 crystal substrate were coated in TORR e-

beam evaporation system. Deposition base pressure was set at 4.2x10-6 mbar for each 

deposition to obtain equal coating quality. With a 7x7 mm2 area opening of a shadow 

mask, the top electrode was made by coating 6 nm thick chromium and gold metals. Then 

the shadow mask was changed, and 95 nm thick gold was coated to form a contact pad. 

Then, the sample was turned upside down, and 6 nm chromium followed by 40 nm gold 

was coated to form the back electrode. After electrode coatings, die bonding was 

conducted to establish the electrical connection between the detector and measurement 

instruments. The single element detector needs to be mounted on a PCB board, followed 

by mounting of the PCB board to the measurement board (Ossila ZIF test board). Finally, 
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the connection is completed by connecting the measurement board to the measurement 

system via a BNC cable.  

 

Figure 11. Refractive index versus wavelength graph of LiTaO3 crystal. 

 

The refractive index values of LiTaO3 were determined by using a J.A. Woollam V-Vase 

ellipsometer and a CompleteEase software. The measured response in the ellipsometer 

was modeled with a Sellmeier equation, and equation coefficients were obtained from 

equation 14. The corresponding refractive index versus wavelength graph was plotted as 

shown in Figure 11. The simulated refractive index values match with earlier reported 

values [79], [80]. 

                                          𝑛 = [2.398 +
2.113𝜆2

𝜆2−0.133232 − 0.02606𝜆]
1/2

     (14)      

2.4.3. Building of Optical Setup 

 

An optical setup was built to measure the concentration of ethanol gas by correlating 

voltage output. This optical setup consists of a stabilized benchtop IR light source 

(SLS303, Thorlabs), two converging lenses, a gas cell with an effective optical length of 

10 cm, an optical chopper system (MC2000B, Thorlabs), a 7-layers optical bandpass 

filter, a pyroelectric detector, a lock-in amplifier (SR530, Stanford Research), a 

multimeter (DAQ6510, Keithley), a canister and a mass flow controller (GMC1200, 

Atovac). N2 gas was used as a carrier gas to direct the ethanol vapor into the gas cell with 

a constant flow.  
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2.4.4. Characterization Studies 

 

The transmittance spectra were measured with a Fourier transform infrared (FTIR) 

spectrometer (Shimadzu IRAffinity-1S) from 600 to 4000 cm-1. For the gas phase studies, 

a 10 cm gas cell (Pike Technologies) equipped with potassium bromide (KBr) windows 

was placed inside the sample holder of the FTIR. Ethanol vapor was released from the 

canister and directed to the gas cell with an air pump. The absorption spectrum of the 

ethanol vapor was recorded with the FTIR from 600 – 4000 cm-1. By placing the bandpass 

filter in the path of the gas cell, the transmittance spectrum of the bandpass filter in 

combination with the ethanol vapor absorption was recorded. Ellipsometric data were 

collected for Ge and Al2O3 single layers, multilayer bandpass filter, and substrates at 55°, 

65° and 75° using a V-Vase J. A. Woollam Co., Inc. spectroscopic ellipsometer.  

2.5. Results and Discussion 

2.5.1. Single Layer Germanium and Aluminum Oxide Coating Multilayer Optical 

Band pass Filter 

 

300 nm thick single layer of germanium (Ge) and aluminum oxide (Al2O3) coating were 

coated onto each 300 µm thick double-sided polished silicon substrate separately to 

determine their optical constants. Figure 12 (A-B) show the modeled refractive indices 

and extinction coefficients of Ge and Al2O3 in the range of 600 – 1700 nm. The refractive 

indices depicted in Figure 12 (A-B) are compared and found to match previously reported 

values.[81] With the CompleteEase software (JA Woollam), we use the Cauchy 

dispersion relation to model the ellipsometry measurement of psi and delta. The refractive 

index, n of Al2O3 at 1.7 µm, is 1.52, while the physical thickness, d, is 303 nm with the 

mean square error (MSE) of 3.3. For Ge, we use the Cody-Lorentz dispersion functions 

to obtain the refractive index of 4.2 at 1.7 um, while the physical thickness, d, is 301 nm 

with an MSE of 5.6. As Ge showed absorbance in a large part of the measured range, the 

Cody-Lorentz dispersion relation was chosen to model the Ge layer. Previous results 

showed that the Cody-Lorentz dispersion relation modeled the Ge coating with an 

improved MSE due to the additional parameters to describe the absorption transition just 

above the band gap energy of the material [81], [82].  
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Figure 12. Optical constants of  A)  thin Ge coating and  B)  thin Al2O3 coating. 

 

Taking into account the absorption range of ethanol at 3.2 µm, which is attributed to the 

CH stretching of the gas molecule, we designed a multilayer bandpass filter with a 

maximum peak at 3.2 µm and a bandwidth of 464 nm. Ge and Al2O3 are suitable materials 

for this optical filter as they are transparent in the required mid-infrared spectrum. Ge is 

the high refractive index material in the design, while Al2O3 is the low refractive index 

material. This pair of materials offers a large diffractive index difference, enabling the 

filter to achieve high transmittance with fewer layers [64]. As a result, the thermal stress 

mismatch can be reduced [69]. We evaluated three different bandpass filter designs based 

on different numbers of layers, including 5, 7, and 9 layers. The design methodology is 

based on two steps approach. First, two highly reflective Bragg mirrors; a long-wave pass 

filter and a short-wave pass filter with quarter-wavelength layers are designed separately. 

The layers of the two mirrors are added up, which optically overlaps at the center 

passband (3250 nm) with the desired bandwidth (464 nm) [64], [69]. Secondly, the whole 

stack is optimized with the software’s optimization algorithm and with the target set to 

the desired selected wavelength range [83]. These optimized layers enable incident light 

interference that reflects constructively or destructively. Thus, allowing a specific range 

of wavelengths with the desired intensity to transmit.  Table 1 shows the thicknesses for 

the various designs. The simulated transmission profiles of the different designs are 

shown in Figure 13A. Among the designs, we chose to fabricate the 7 layers bandpass 

filter for several reasons. The 7-layer design is better than the 5-layer design due to its 

narrower transmittance bandwidth and higher transmittance intensity. The 9-layer design 

shows only a slight improvement in the transmittance compared to the 7-layer design. 

Theoretically, we could design a higher number of layers, but the available coating 



26 
 

process limits the feasibility of coating a higher number of layers due to coating stress 

and coating exfoliation. Therefore, the 7-layer design is a compromise to achieve the 

required specification for this work. The construction of the 7-layer band pass filter 

consists of alternating high and low refractive indices materials. Description (15) shows 

a representation of the bandpass filter design, where H represents the high refractive index 

material, L represents the low refractive index material, Air is the medium around the 

bandpass filter, and Al2O3 is the sapphire substrate.  

𝐴𝑖𝑟|𝐴𝑙2𝑂3|𝐻𝐿𝐻𝐿𝐻𝐿𝐻|𝐴𝑖𝑟           (15) 

The 7-layer band pass filter was prepared according to the design parameters. Figure 13B 

shows the measured transmittance profile of the bandpass filter (FTIR measurement) in 

comparison with the simulated transmittance profile from the design (OpenFilters) and 

the simulated transmittance profile with inputs from the experimentally measured 

thickness and optical constants (Ellipsometry model). The bandpass filter has a maximum 

transmittance of 84.5% centered at 3250 nm and a bandwidth of 464 nm. The measured 

transmittance profile matches the designed and simulated transmittance profiles 

reasonably well. The thickness parameter for each layer is extracted from the modeled 

band pass filter using the described dispersion functions set constant for each material in 

the 7 layers structure. Then, the thicknesses for each layer and the materials' optical 

constants are used as inputs to simulate the transmittance spectrum. Since the last values 

of the measured optical constants at 1700 nm are used to extrapolate into the mid-infrared 

region in the software, several iterations for the reverse synthesis analysis of the bandpass 

filter have been performed to obtain a better match. The modeled optical constants (n and 

k values) for Ge and Al2O3, and the thickness of each layer were optimized to obtain the 

best fit with the measured transmittance spectrum [67]. Analysis shows that the resulting 

thickness values are slightly different from the designed values (Table 2), with an average 

deviation of 4.5% for Ge, and 5.5% for Al2O3.    
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Figure 13. A) Designed transmittance profiles of 5, 7, and 9 layers band pass filters on 

sapphire substrate B) Transmittance profiles of 7-layer band pass filter. The black 

spectrum is the measured spectrum. The red spectrum is simulated with the thickness 

measured on SE. The blue spectrum is designed and simulated using OpenFilters. Inset 

in the figure shows the image of the fabricated band pass filter. 

 

To verify the multilayer bandpass filter and its purpose in detecting CH stretching of gas 

molecules, we place the prepared filter in front of a 10 cm gas cell filled with ethanol 

vapor to perform a gas phase transmittance measurement on an FTIR spectrometer. 

Figure 14 shows the transmittance measurement of the multilayer bandpass filter in the 

presence of ethanol vapor. Among the characteristic peaks of ethanol [84], the vapor 

spectrum shows an absorption peak around 2900 cm-1 that can be assigned to the 

vibrational mode of the CH stretching. The overlap between the bandpass filter's 

transmittance peak and the absorption peak clearly shows that the bandpass filter can 

allow selected transmitted light to pass, which corresponds to the ethanol’s absorption 

peak. Thus, enabling the selective detection of ethanol vapor. As a result, a detector 

placed after the gas cell will detect a signal drop as the infrared light that shines through 

the gas cell is absorbed by the ethanol vapor. The signal drop is an indication that the 

detector detects the presence of ethanol vapor.     
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Figure 14. FTIR measurement of ethanol gas (black line) and multilayer band pass filter 

in the presence of ethanol gas (red line). 

 

2.5.2. Pyroelectric Detector 

Figure 15A-B show the schematic of the characterization setup to characterize the 

detector and the components of the LiTaO3 pyroelectric detector. The fabricated LiTaO3 

pyroelectric single element detector consists of a thin z-cut LiTaO3 substrate (60 ± 10 

µm), top and bottom electrodes, gold wire bonds, and a printed circuit board for mounting 

of the device. Then, the mounted device is placed on a test board (Ossila) for electronic 

characterization. In this work, we investigate the z-cut LiTaO3 in which the polar axis is 

in perpendicular configuration to the active surface of the substrate. Such cut is an 

advantage for our pyroelectric application attributed to the convenience of fabricating the 

pyroelectric device and its electrodes in a layered structure [85]. The top and bottom 

electrodes can be fabricated easily to collect charge accumulation on opposite surfaces 

upon temperature change. To determine the ideal working range of the fabricated 

pyroelectric detector, we build a characterization setup as shown in Figure 15. The 

characterization setup consists of a broadband infrared light source, an iris to reduce the 

beam diameter, lenses to focus the light onto the connected pyroelectric detector, an 

optical chopper to induce temperature change at a specific frequency, a lock-in amplifier, 

and a multimeter system to amplify and measure the electronic signal of the detector. 
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Figure 15. A) Schematic of the detector characterization setup. B) Components of the 

LiTaO3 pyroelectric detector. 

 

𝑅𝑣 =  𝑅𝑖 ×
𝑅

√1 + (2𝜋𝑓𝑅𝐶)2
    (16) 

Figure 16A – 16D show the photoresponse and electronic signals of the LiTaO3 

pyroelectric detector as a function of the chopping frequency. Figure 16A represents the 

detector's voltage response, Vout, curves for frequency swept between 4 Hz to 40 Hz. The 

output voltage of the detector drops from 40.6 mV to 28.2 mV at 7Hz, equivalent to a 

70.7% (3 dB) drop from the maximum amplitude. There are several parameters to 

characterize the performance of a pyroelectric detector, including responsivity voltage 

(Rv), noise voltage (Vnoise), noise equivalent power (NEP), specific detectivity, and D-star 

(D*) [86]. Figure 16B shows the responsivity voltage curves of the pyroelectric detector. 

The ratio of the output voltage generated Vout and the incident radiation power on the 

detector, P (W), determines the responsivity voltage, Rv of the sensor. With the semi-

empirical method, we can estimate the responsivity voltage Rv as a function of frequency 

using the following equation (Equation 16). The responsivity voltage, Rv can be 

determined by multiplying the responsivity current, Ri, with the effective impedance 

(ohm). In the equation, Ri is the responsivity current (A/W), R is the detector's total 

resistance (ohm), f is the chopping frequency (Hz), and C is the pyroelectric detector's 

capacitance (farad). The measured capacitance of the detector is 0.595 nF, while the 

resistance, R, is 250 MΩ. By comparing the curves in Figure 16B, we find that the 

calculated curve agrees with the measured curve.  
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𝑁𝐸𝑃 =
𝑉𝑛𝑜𝑖𝑠𝑒

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑖𝑣𝑖𝑡𝑦
   (17) 

According to a previous study, noise can be a problem when detecting a small signal of a 

pyroelectric detector. To understand the detection limit and sensitivity of the detector, we 

characterize the noise signal and the output signal to identify the smallest signal that 

cannot be differentiated from the background noise. Commonly, this is understood as the 

signal-to-noise ratio of a detector. However, for a LiTaO3 device, the smallest signal that 

the detector can measure is determined by the noise equivalent power (NEP). Equation 

17 shows the relationship of NEP with Vnoise and Rv. To determine the NEP, we evaluate 

the voltage noise of the detector without any input power [87]. Figure 16C shows the 

measured Vnoise curve at different frequencies and the equivalent noise bandwidth of 1 

Hz. This noise signal measurement allows us to determine the frequency dependence of 

the noise signal contributed typically by two significant sources of noise; thermal noise 

and Johnson noise [87], [88]. The noise level of the detector is between 2 x 10-5 V/Hz1/2 

to 1.6 x 10-4 V/Hz1/2. By considering the noise signal and the responsivity voltage, we 

determine the calculated NEP curve (Figure 16D). With this, we identify that the 

operating frequencies that provide the best signal-to-noise ratio fall between 4 Hz and 30 

Hz. Above these frequency values, the NEP increases, thus affecting the output voltage 

signal. Despite these operating ranges, the magnitude of the output signal falls off quickly 

from 7Hz onwards. In such a situation, the user must make a compromise by selecting 

the operating frequency to achieve the desired voltage magnitude while maintaining a low 

NEP. In the ethanol detection application, we select a 12 Hz chopping frequency which 

provides an NEP value of 1.15642E-5 WHz-1/2. Since the performance of the pyroelectric 

detector is area dependent, the detector's performance can be normalized to a constant 

detector area. This normalization method allows detectors of different sizes to be 

compared equally. Thus, a parameter known as D* is introduced, which depends on the 

area of the detector, Ad, and NEP (equation 18). We calculate the D* of the pyroelectric 

detector to be 60531.64 cmHz1/2 W-1 at a 12 Hz chopping frequency. 

𝐷∗ =
√𝐴𝑑

𝑁𝐸𝑃
      (18) 
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Figure 16. A) Voltage response of the detector as a function of the chopping frequency 

B) Measured and calculated responsivity voltage. C) Vnoise measurement with respect to 

modulation frequency with no power input. D) NEP measurement with respect to 

modulation frequency with no power input. 

 

2.5.3. Optical Setup Measurements 

After fabrication of the band pass filter and the pyroelectric detector, we constructed an 

NDIR system to investigate the performances of the fabricated components for ethanol 

concentration sensing. As shown in Figure 17A, the ethanol vapor is carried from the 

sample compartment with the help of nitrogen gas and is directed into the gas cell with a 

controlled flow by a mass flow controller. The nitrogen gas acts as a carrier gas for the 

ethanol vapor to flow into the gas cell. To remove the presence of ethanol in the gas cell, 

we connect another nitrogen source to flush the gas cell to reset the signal of the 

pyroelectric detector. Thus, this allows us to perform an experiment showing ethanol's 

absence and presence in the detection system. The broadband light beam (550 nm to 15 

um) is focused with a lens, reduced by an iris, and directed through a 10 cm gas cell with 

a 20 mm aperture. Then, the light passes through an optical chopper for frequency 

modulation and a bandpass filter (3250 ± 232 nm). Finally, the beam passes through a 

lens that focuses the beam onto the pyroelectric detector. This setup is extended to show 
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that the detection system detects several concentrations of ethanol by volume, including 

100%, 75%, 50%, 25%, 12.5%, and 6%. We also show that the detection system can 

determine the concentration of alcohol in wine and beer, which have 13% and 6% alcohol 

by volume (ABV), respectively.   

 

Figure 17. A) Optical setup for gas detection. B) The voltage response of the LiTaO3 

pyroelectric detector for different ethanol concentrations by volume. C) The detected 

voltage difference of each ethanol concentration by volume. 

 

Figure 17B shows the measured voltage response of the pyroelectric detector to detect 

and quantify ethanol vapor from different ethanol concentrations in the time domain. To 

achieve higher sensitivity and accuracy in detecting low alcohol concentration, we record 

the voltage response on the gas detection setup with 10x amplification on the lock-in 

amplifier. The ethanol vapor is produced in a sample compartment at room temperature 

of 23°C, and the different concentrations are achieved by preparing ethanol-water 
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mixtures of different ratios. Since the evaporation and vapor transfer of ethanol are 

dependent on the horizontal surface area, thus a new absorbing pad of 20 cm x 7 cm 

dimension is used to hold the 20 ml ethanol-water mixture for each concentration [89]. 

We supply a constant nitrogen flow of 0.7 SLM into the sample compartment with a mass 

flow controller and direct the ethanol vapor into the gas cell. Almost instantaneously, the 

intensity of the detector's voltage response drops sharply, attributed to the absorption of 

the light source at 3367 – 3449 nm by the ethanol vapor molecules. The specific detection 

of ethanol is attributed to the 3250 ± 232 nm bandpass filter placed in front of the 

pyroelectric detector. When the voltage response stabilizes around 100-120 seconds, the 

ethanol vapor flow is cut off from the gas cell. Then, nitrogen gas is introduced into the 

gas cell to flush away the remaining ethanol vapor and fill it with nitrogen gas. The 

detector's voltage response instantaneously rises and returns to the original value of 7.25 

V. In this experiment, this step is taken to reset the gas detection system due to the 

system's specificity to detect only ethanol. After flushing the gas cell with nitrogen for 

80-100 seconds and obtaining a stable value of 7.25 V, we repeat the process of 

introducing the ethanol vapor with nitrogen carrier gas. Then, the experiment for each 

concentration continues for numerous cycles and ends with ethanol vapor in the gas cell. 

By merging and comparing the voltage response graphs for each concentration, we show 

a relationship between the detected voltage response and concentration. As the 

concentration increases, the voltage response decreases with a larger magnitude. This 

decreasing trend correlates to the higher amount of ethanol vapor molecules that absorb 

more light, resulting in a lower voltage value. The ethanol concentrations by volume of 

6%, 12.5%, 25%, 50%, 75%, and 100% correspond to the voltage value of 7.16 V, 7.03 

V, 6.88 V, 6.79 V, 6.70 V and 6.44 V respectively. With these values, we calculate the 

difference between the voltage drop and the baseline voltage value of 7.25 V for each 

concentration. The calculated difference, delta-V, is plotted against the concentration of 

ethanol in the ethanol-water mixture (Figure 17C). Generally, as the ethanol 

concentration increases, the delta-V increases. The data clearly shows that the detector 

can sufficiently distinguish each ethanol concentration. The red line that goes through the 

data points results from the cubic spline interpolation. The curve line suggests that the 

voltage response and ethanol concentration relationship is non-linear. This non-linear 

relationship is manifested by the complex interactions involved in the ethanol-water 

mixture. In an ethanol-water binary liquid mixture, three types of hydrogen bonding exist 

attributed to the interactions between ethanol-ethanol, ethanol-water, and water-water 
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[90]. These interactions affect the evaporation rates of ethanol at the interface, thus 

resulting in concentration-dependent vapor pressure. The result shown in Figure 18 agrees 

with previous studies of ethanol vapor in an ethanol-water liquid mixture and indicates 

the accuracy of the measurement [89]–[91]. The creation of a look-up table from this data 

set can support the development of a device detecting a wide range of alcohol content in 

beverages. 

As expected, the detection system can detect the concentration of other liquid mixtures, 

like alcoholic beverages. We show the detection of alcohol concentration of a local beer 

and a local wine that have their respective alcohol by volume (ABV) concentrations of 

5% and 13%. Figures 18A-B show the detector's voltage response in the presence of 

alcohol vapor generated from beer and wine. The corresponding voltage values are 7.18 

V and 7.03 V, respectively. Notably, the detected values are close to the values of 6% and 

12.5% ethanol concentration in the ethanol-water liquid mixture, thus, validating the 

detection system's accuracy in detecting alcohol concentration in beverages. Furthermore, 

the time to detect the alcohol concentration can be done in under 2 minutes.  

 

Figure 18. The voltage response of the detector in the detection of beer of 5% ABV (A) 

and wine of 13% ABV (B). 

 

2.6.Conclusions 

In this paper, we show an NDIR gas sensing setup based on a LiTaO3 pyroelectric detector 

can achieve precise detection of ethanol vapor of different concentrations. We achieved 

this with the designed 7-layer bandpass filter built with an alternating stack of Ge and 

Al2O3. The maximum transmittance of the optical filter is 84.5%, with the transmittance 

profile centered at 3250 nm and a bandwidth of 464 nm. The selected wavelength range 

is well suited for the detection of ethanol attributed to the CH stretching absorption at 
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3367 – 3449 nm or any other gas molecules which absorb in that range. To complement 

the gas detection setup, we fabricated a z-cut LiTaO3 pyroelectric detector with the 

following detector performance. The pyroelectric detector’s voltage responsivity is 4.32 

V/W, the NEP is 1.16 E-5 W/ Hz1/2 and the D* is 60531.64 cmHz1/2/W, at 12 Hz chopping 

frequency. With the right optical bandpass filter (3250 ± 232 nm), optimized chopping 

frequency, and LiTaO3 pyroelectric detector (7mm2), the detection system can detect the 

alcohol content of different alcoholic beverages, including beer and wine, in just under 2 

minutes. This work suggests that there is potential to extend the capability of such a 

system to study and detect other gas molecules and the opportunity to miniaturize the 

detection system with an application-specific integrated circuit to amplify the signal of 

the pyroelectric detector. However, according to Beer Lambert’s law, we recognize that 

the sensitivity of the optical sensor is dependent and limited by the path length of the gas 

cell.   
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CHAPTER 3 

3. Broadband Light and Heat Management with a Self-Regulating and User-

Controlled Thermochromic Smart Window 

3.1.  Aim of the Study 

Space heating and cooling consume half of the total electricity produced globally, and it 

is a concern for many countries. The energy demand for heating and cooling contributes 

to rising global emissions. Windows are responsible for huge energy loss primarily by 

heat exchange between the building's interior and the outside environment. Therefore, 

scientists have been focusing on developing new thermochromic materials for smart 

windows to modulate solar irradiation automatically to reduce energy demand for interior 

comfort. Most of the studies showed visible-light modulation when the temperature rises 

but lack to show privacy protection during the night when temperature drops. Therefore, 

this work offers a versatile user-controlled thermoresponsive window integrated with a 

transparent heater. The sandwiched poly(N-isopropylacrylamide) in a window enables 

the power-less reversible transition between the transparent and opaque states at its 

activation temperature. The heater's multilayer coating provides the user with dual 

functionalities: a privacy switch to darken the window on-demand and an extended 

spectral reflectivity in the near IR to longwave IR. The vast spectral range helps reduce 

energy consumption for cooling and heating interior space due to its ability to reflect 

invisible blackbody radiation. While blocking the heat, the window preserves the 

transparency for visible light to illuminate the interior. 
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3.2.   Introduction 

The world’s economic and population growth has led to an increase in energy demand 

[92]. According to a 2018 study, space heating is responsible for 63.6% of total energy 

consumption in EU households, whereas space cooling with air conditioners and electric 

fans is responsible for 20% of the world's total electricity usage today [92], [93]. One of 

the least energy-efficient components of a building is the window through which energy 

escape is substantially high [94]. To address this issue, research has progressed towards 

smart window technologies that focuses on electrochromic [95], [96], photochromic [97], 

[98], and thermochromic [99]–[101] materials. These different materials allow users to 

change the window's opacity with applied voltage, light intensity, and temperature. The 

thermochromic smart window is favorable among the technologies due to its low cost, 

passive control, and rational temperature regulation [102].  

Conventional thermochromic devices are based on a material that undergoes reversible 

metal-semiconductor transition at a critical temperature. One such material is vanadium 

dioxide (VO2), which has a critical temperature of 68°C and a substantial optical contrast 

in the IR region. Above 68°C, the window changes its state from IR transparent to IR 

reflective [102], [103]. However, the applied elevated temperature for the transition can 

undermine the heat-shielding ability of the window. Furthermore, the light transmittance 

of the window in the transparent state is relatively low at 50 % [104], [105]. As an 

alternative, thermochromic materials based on hydrogels are employed to regulate 

transmission in smart window systems [99], [100], [106]–[109]. The recent advancements 

in thermochromic smart windows rely on functional polymers that can modulate a broad 

spectrum of light, including ultra-violet, visible, and near-infrared (NIR). The broadband 

light management by the thermo-responsive polymer embedded in the window enables 

practical energy-saving purposes associated with cooling and heating indoor space [99], 

[105]. The emerging interest of developing hydrogel based smart windows led to the 

development of thermo-responsive hydrogel which include poly(N-vinylcaprolactam) 

[110], thermo-responsive starch [111], hydroxypropyl cellulose [109], [112], [113], 

polyampholyte hydrogel [114], and poly(N-isopropylacrylamide) [99], [100], [115], 

[116]. Among the thermochromic materials, poly(N-isopropylacrylamide) (pNIPAM) has 

many advantages due to its abrupt response,[115] and reasonable activation 

temperature.[102], [109] Unlike VO2 and other thermo-responsive hydrogels, pNIPAM 

has a lower critical solution temperature (LCST) at 32°C, which works as a practical and 
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milder activation temperature for a thermochromic window application [99], [100], [117]. 

Above the LCST, hydrated polymer chains collapse into globules, thus, rendering the 

polymer insoluble in water [118], [119]. As a result, the window transitions from a 

transparent state to an opaque state [99], [100]. Despite the vast development of 

thermoresponsive materials for smart window systems, great opportunities remain in this 

field, especially in the integrated techniques to improve smart window systems [102]. 

One of the techniques is the introduction of a transparent heater to enhance the smart 

widow system from a passive temperature-regulated window to an active-controlled 

temperature-regulated window. The integrated active control of the thermoresponsive 

window enables the window to become opaque on-demand, especially at night when the 

temperature is below the LCST, thus ensuring people's privacy protection. 

The development of a transparent heater relies on transparent conductive coating, which 

is also essential for many applications, including solar cells, light-emitting diodes, 

touchscreen, car windshield heaters, and heat-responsive windows [120]–[122]. There are 

many different materials to produce transparent conductive layer, including metal 

nanofibers [123], metal nanowire mesh [124], metal oxides [121], graphene [125], carbon 

nanotubes [126], and ultra-thin metal [122], [127]. However, only several materials, 

including indium tin oxide (ITO) [128], tin wire mesh [113], copper mesh [129], and 

silver nanowires [111], were used as a transparent heater in electro-thermochromic smart 

window model. 

In this work, we show how ultrathin oxide-metal-oxide (OMO) can be a viable alternative 

to some of the conductive materials and ITO to obtain an electro-thermochromic smart 

window integrated with a transparent heater. For the thermochromic function, we use 

thermoresponsive pNIPAM layer. First, we synthesize pNIPAM and determine its LCST 

at 32.5 °C with temperature-controlled fluorescence spectroscopy. The temperature at 

32.5 °C serves as a practical activation temperature for the window to self-regulate 

(passive control) its opacity in hot weather. The window can also turn opaque by heat 

(active control) by applying a low external voltage to the transparent heater. For the 

transparent heater, we use ultra-thin silver, Ag sandwiched in between two aluminum 

oxide, Al2O3 layers to construct the OMO structure. The advantages of such coating 

include high visible transparency [130], anticorrosive property [127], thermal stability 

[131], and spectral uniformity [132]. We use the physical vapor deposition method to 

fabricate smooth, uniform multilayer (Al2O3/Ag/Al2O3) coating on a polyethylene 
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terephthalate (PET) substrate. Before fabrication, we determine the coating thickness 

based on the design and simulation of the optical transmittance that focuses on balancing 

the coating's transparency and conductivity. Besides, the materials and thicknesses 

chosen for the transparent heater extend the window’s capability to reflect longwave IR 

radiation associated with blackbody radiation while retaining the transmittance of visible 

light. Finally, we merge the transparent heater, 1 mm plexiglass frame, and 2 mm 

plexiglass to form a thin transparent box. Due to the plexiglass frame, the transparent box 

has a 1 mm reserved space. To make the smart window model, we inject the pNIPAM 

solution into the 1 mm space and seal it with waterproof tape. Figure 19 summarizes the 

operating modes of the proposed smart window model. On a cool day, the window is 

transparent and allows visible light to illuminate the interior of a building. As the day 

becomes hotter, at temperatures above the LCST, the thermo-responsive pNIPAM turns 

into milky latex. The activated pNIPAM enables the opaque state of the window to block 

the heat induced by solar irradiation in the visible to near IR spectrum. Hence, reducing 

energy consumption for cooling indoor spaces. Such smart window shows energy-saving 

capability for buildings in tropical countries and hot summer countries where many rely 

on air-conditioning to maintain the comfort of the interior [99], [100]. When the 

temperature drops at night, with the added transparent heater function, users can choose 

to leave the window transparent or opaque on-demand for privacy. Additionally, while 

the window allows visible daylight to enter to warm and illuminate the room, it 

continuously reflects near IR and longwave IR associated with blackbody radiation. The 

extended spectral capability in the longwave IR is beneficial in reducing energy 

consumption for cooling and heating interior spaces by blocking excessive thermal heat 

during hot seasons and maintaining warmth inside the building during cold seasons. 

Overall, the proposed smart window offers many functionalities, including active and 

passive heat modulation, visible light regulation, and a “privacy” switch. 
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Figure 19. Schematic illustration of the operating modes of smart window throughout the 

day. The switch between the transparent and opaque states depending on the outdoor 

temperature and the privacy switch. The image also shows the capability of the window 

to continuously reflect outdoor heat and indoor heat independent of the LCST. 

 

3.3.  Materials 

N-isopropylacrylamide (NIPAm, 98%, Sigma-Aldrich), 2,2′-Azobis (2-

methylpropionitrile) solution (0.2M in toluene, Sigma-Aldrich), Tetrahydrofuran (THF, 

Sigma-Aldrich), diethyl ether (Sigma-Aldrich), Rhodamine B powder (Merck kGaA, 

Darmstadt, Germany), Al2O3 slugs (99.99%, Maideli), Silver (99.9%). All chemicals 

were used without further purification. DI water was used throughout the experiments. 

One transparent PET and one 2 mm thick plexiglass of dimensions 10 cm x 10 cm were 

used. 

3.4.  Methods 

3.4.1. The Synthesis of pNIPAM Homopolymer  

The pNIPAM homopolymer was polymerized with the free radical polymerization 

method using main monomer N-isopropylacrylamide (NIPAM) and azoisobutyronitrile 

(AIBN) as the initiator at 65°C for 8 hours in THF. Firstly, NIPAM (1 g) was dissolved 

in THF (10mL) in a 2-neck round bottom flask. Then, AIBN solution (0.3 mL) was added 

dropwise with a syringe. The solution was stirred for 8 hours. Then, the polymer was 

precipitated in diethyl ether (50 mL) and filtered with Whatman filter paper. The product 
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was then dried overnight under vacuum at room temperature. 1H NMR (500 MHz, D2O): 

δ = 3.9 (1H, s, –NCH–), 2.0–2.2 (1H, –CH–), 1.4–1.8 (2H, –CH2–), 1.0–1.3 (6H, –CH3). 

(Figure 20 ). 

 

Figure 20. 1H NMR spectrum of pNIPAM. 

 

3.4.2. Heater Design and Fabrication 

The layer thicknesses and the transmission profile of ultrathin Ag (UT Ag) -based 

Al2O3/Ag/Al2O3 multilayers were simulated by using OpenFilters software. The 

refractive indexes of substrate and stack materials were measured by spectroscopic 

ellipsometry (M-2000D, J. A. Woollam Inc.) and modeled in CompleateEase software. 

Since the coating is transparent, we model the transparent heater’s data using the Cauchy 

dispersion relation. To achieve an accurate model, we first determine the optical constants 

of the PET substrate. Then, we model and determine the optical properties of the overall 

transparent heater‘s structure. Equation 19 shows Cauchy’s dispersion equations of the 

thin Al2O3 coating. We obtain the refractive indices of Ag layer using the Lorentz model. 

Figure 21A and 21B show the refractive indices of the thin Al2O3 coating and Ag coating, 

respectively. 
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𝑛 = 1.559 +
0.00044

𝜆2
+

0.00003

𝜆4
     (19)            

 

Figure 21. Refractive indices of A) Al2O3 B) Ag. 

 

A 0.25 mm thick PET substrate (Hostaphan® GN4600) was cut into 10 cm x 10 cm 

dimensions and cleaned with soapy water, DI water and Isopropyl alcohol, respectively. 

It was then dried with nitrogen and placed into the TORR-Evaporator chamber. In the 

first step, 37 nm Al2O3, 12 nm Ag, and 41 nm Al2O3 layers were coated respectively, at 

a 3 x 10-6 Torr pressure and 3 Å/s deposition rate with e-beam evaporation technique. 

Subsequently, the coating was covered with a gap of 0.7 cm on both opposite sides and 

130 nm thick Ag electrodes were coated under the same chamber conditions. 

Figure 22 shows the schematic of the multilayer coating’s cross-section. The transparent 

heater’s coating consists of aluminum oxide, silver, and aluminum oxide 

(Al2O3/Ag/Al2O3) stack on a PET substrate. We collect the ellipsometric data in the range 

between 350 – 1000 nm for the poly(ethylene terephthalate) (PET) substrate and the 

Al2O3/Ag/Al2O3 coatings at various incident angles, 55°, 65° and 75°. Then, we model 

the collected data in CompleteEase software through several iterations of fitting the 

measured data to a model. 

 

Figure 22. Cross-sectional schematic of OMO stack (Al2O3/Ag/Al2O3) on PET substrate. 
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3.4.3. Fabrication of Smart Window 

The synthesized pNIPAM (200 mg) was added to DI water (30 mL) and stirred at room 

temperature until to obtain a homogenous solution. The prepared solution was filtered 

with a 0.45𝜇m PES filter. 

The construction of the smart window is shown in figure 23. A 2 mm thick 10 cm x 10 

cm plexiglass, a 1 mm thick 10 cm x 10 cm laser-cut frame, and fabricated heater were 

sealed together with the help of a transparent aquarium silicone. Then, the sealed window 

was clamped from the four sides and dried for 24 hours at room temperature. After that, 

the prepared thermoresponsive polymer solution was injected through a hole into the 

window and the hole was sealed with waterproof tape.  

 

Figure 23. Construction of the heater integrated thermochromic smart window. 

 

3.4.4. Characterization Studies 

The transmittance spectra were measured with a UV-vis-NIR spectrometer (Cary 5000, 

Varian) in the range of 380-2500 nm. 1H nuclear magnetic resonance (NMR) 

spectroscopy measurements were performed on a Bruker Avance NEO spectrometer (500 

MHz) at room temperature. The fluorescence experiments were performed on a 

fluorescence spectrometer equipped with a temperature controller (Cary, Agilent 

Technologies). The synthesized pNIPAM (200 mg) was dissolved in DI water (30 mL) 

and stirred at room temperature. Then, Rhodamine B (0.1 mL, 10-4 M) was added into 

pNIPAM (0.9 mL) solution to track the fluorescence intensity change as the temperature 



44 
 

rises. FTIR spectra were measured with the Fourier transform infrared (FTIR) 

spectrometer (Shimazdu IRAffinity-1S) from 600 to 4000 cm-1. Sheet resistance of the 

heater was measured with a four-point probe (C4S57, Cascade Microtech). A 

programmable DC power supply (UDP1306C, UNI-T) was used to apply an external 

voltage across the heater. The temperature response of the heater corresponding to the 

applied external voltage was measured with a K-type thermocouple connected to a 

multimeter system (DAQ6510, Keithley). Thermal images to show the heat distribution 

were captured using a compact thermal camera (FLIR Systems). 

The Tlum, Tsol, ∆Tlum and ∆Tsol were calculated from equation 20 and 21 [133]. 

𝑇𝑙𝑢𝑚/𝑠𝑜𝑙 =  
∫ Φ𝑙𝑢𝑚/𝑠𝑜𝑙 (𝜆)𝑇(𝜆)𝑑𝜆

∫ Φ𝑙𝑢𝑚/𝑠𝑜𝑙(𝜆) 𝑑𝜆
⁄         (20) 

T(𝜆) indicates the spectral transmittance, Φlum(𝜆) is the photopic vision’s luminous 

efficiency function in the wavelength range of 380 –780 nm and Φsol(𝜆) is the solar 

irradiance spectra for air mass 1.5 (corresponding to the sun standing 37° above the 

horizon with 1.5-atmosphere thickness) between 280-2500 nm. Calculations of integral 

were applied between the range of 380-780 nm and 280-2500nm for Tlum and Tsol, 

respectively. 

∆𝑇𝑙𝑢𝑚/𝑠𝑜𝑙 = 𝑇𝑙𝑢𝑚/𝑠𝑜𝑙(@𝑇𝑒𝑚𝑝 < 𝐿𝐶𝑆𝑇) − 𝑇𝑙𝑢𝑚/𝑠𝑜𝑙(@𝑇𝑒𝑚𝑝 > 𝐿𝐶𝑆𝑇)        (21) 

The visible light or solar modulation ability (∆𝑇𝑙𝑢𝑚 or ∆𝑇𝑠𝑜𝑙) can be determined from the 

difference in the visible or solar transmittance in the transparent state at low temperatures 

and opaque state at temperatures above the LCST. 

3.5.  Results and Discussion 

3.5.1. Synthesis of Thermoresponsive Polymer 

As the thermoresponsive material, we chose to use pNIPAM homopolymer. We start by 

synthesizing the pNIPAM homopolymer via free radical polymerization from the 

monomer N-Isopropylacrylamide (NIPAM). Azobisisobutyronitrile (AIBN) is used as the 

free-radical initiator. We verify the molecular structure of the polymer obtained by 

performing Fourier transform infrared (FTIR) spectroscopy equipped with the diamond 

attenuated total reflectance (ATR) accessory in the spectral range of 650-4000 cm-1. 
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Figure 24A shows the synthetic route of pNIPAM polymerization, and Figure 24B shows 

the FTIR spectrum of the pNIPAM in solid form. The characteristic pNIPAM peaks at 

1540 cm-1 and 1645 cm-1 are assigned to N-H bending and C=O stretching, respectively 

[134], [135].  The peaks at 2970 cm-1 and 2872 cm-1 correspond to C-H asymmetric 

stretching and C-H symmetric stretching of methyl groups.[136] Furthermore, we assign 

the bands at 1460 cm-1, 1386 cm-1, and 1364 cm-1 to the C-H bending vibrations of 

isopropyl groups [136], [137]. The band at 3290 cm-1 is assigned to the N-H stretching 

[138]. 

 

Figure 24. A) Synthetic route of pNIPAM polymerization B) The FTIR spectrum of 

pNIPAM homopolymer. 

 

The pNIPAM has a unique coil-to-globule transition at its lower critical solution 

temperature (LCST) around 31 - 33 °C. At this temperature, the soluble polymer chains 

dehydrate and agglomerate into the insoluble state. Above the LCST, the pNIPAM 

solution turns from transparent into opaque [136], [139]. We utilize this passive 

modulating property to block visible light and excessive heat in a smart window 

configuration. We perform a temperature-controlled fluorescence measurement to 

determine the LCST of pNIPAM. Since pNIPAM is not an emissive polymer, we mix the 

fluorescence dye, Rhodamine B, with pNIPAM solution to indirectly obtain the LCST of 

pNIPAM, which quenches the fluorescence intensity of Rhodamine B as it transitions 

into the opaque state. 
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Figure 25. A) Fluorescence spectra of pNIPAM-Rhodamine B solution B) Rhodamine B 

solution recorded at temperatures between 25-40°C. C) Fluorescence intensities of 

pNIPAM-Rhodamine B solution D) Rhodamine B solution obtained at 581 nm at 

corresponding temperatures. 

 

We record the fluorescence spectra of Rhodamine B as we increase the temperature of 

the pNIPAM-Rhodamine B solution from 25 to 40 °C (Figure 25A). The characteristic 

emission band of Rhodamine B at 581 nm gradually drops as the temperature increases 

from 25 to 40 °C. An imminent, sharp decrease in fluorescence intensity is obtained 

between 32 °C and 33 °C, followed by a total quenching of the fluorescence intensity 

above 34 °C. To verify whether the sudden drop in fluorescence intensity of Rhodamine 

B is caused by pNIPAM, not by the temperature response of Rhodamine B,[140] we 

perform a temperature-controlled fluorescence measurement of Rhodamine B without the 

presence of pNIPAM. The fluorescence intensity of Rhodamine B at 581 nm decreases 

gradually with no sign of sudden drop or total quenching at temperatures between 25 to 

39 °C (Figure 25B). We conclude that the sudden drop in fluorescence intensity observed 

in Figure 3A must originate from pNIPAM due to its phase transition at LCST that yields 

a milky latex solution. The fluorescence intensity of pNIPAM-Rhodamine B solution 
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recorded at 581 nm is plotted against temperature to determine the exact LCST of the 

pNIPAM (Figure 25C). In comparison, the plot of the fluorescence peak intensity of 

Rhodamine B against temperature shows no sudden drop in intensity (Figure 25D). 

Therefore, we attribute the sharp drop at 32.5 °C to the LCST of the pNIPAM. 

3.5.2. Fabrication and Characterization of Transparent Heater 

We design and fabricate a multilayer transparent heater to add a heating function to the 

window. We use aluminum oxide, Al2O3, and silver, Ag, as the conductive material. The 

multilayer transparent heater consists of 3 layers. We coat the 3 layers sequentially on a 

flexible 250 µm polyethylene terephthalate (PET) substrate using the e-beam evaporation 

technique. The coating is a stack of Al2O3/Ag/Al2O3 layers. Then, we make voltage 

busbars on two sides of the coating for voltage application across the heater. This 

multilayer transparent heater generates heat by inducing a current between the two 

aluminum oxide layers via the silver layer [130]. The thickness of the silver layer is 

critical to achieve the required transparency and resistance for the heating effect. Hence, 

we design the thickness of the Al2O3/Ag/Al2O3 layers to be 37nm/12nm/41nm, 

respectively. After deposition of the materials, we determine the thicknesses of each layer 

with an ellipsometer, and we model their refractive indices with the Cauchy dispersion 

relation and Lorentz model. Next, we use a four-point probe method to measure the sheet 

resistance, Rsh (in Ω sq-1) of the coating. The sheet resistance is typically used to 

characterize the electrical property of thin coating material, and we find that the fabricated 

transparent heater has a sheet resistance of 9.5 Ω sq-1. Temperature measurement of the 

transparent heater is performed by placing a K-type thermocouple on the heater. We 

measure the heat produced from the heater as we apply various DC voltage values (4.0 

V, 6.0 V, 7.9 V, and 8.6 V) across the transparent heater. The voltage applied induces 

current to flow through the conductive layer, thus resulting in a planar resistive Joule 

heating. The heat generated for a given area is proportional to the relationship P = IV, 

where P, I, and V are power, current, and voltage. Since the heat produced is directly 

related to the power dissipated from the transparent heater, we plot the temperature 

evolution profile of the heater at different input power (1.2 W, 3.0 W, 5.1 W, and 6.0 W) 

in time (Figure 26A). For every applied power, the temperature increases gradually from 

room temperature, 21 °C, to a steady-state temperature at which the heater is in thermal 

equilibrium with the surrounding. It is important to note that for this work, 3 watts of 

power is sufficient to reach 32 °C, and the transparent heater can reach higher 
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temperatures by increasing the input power (Inset of Figure 26A). The current-voltage 

relation in Figure 26B shows a slight deviation from linearity at higher temperatures due 

to the increased resistivity attributed to the phonon scattering [130], [141]. While 

achieving a good heating capability, the transparency of the heater is equally important. 

Hence, we measure the optical transmittance of the transparent heater with a UV-vis 

spectrometer in the range of 380 – 700 nm. Figure 26C shows the transmittance of PET 

substrate is 82.4%, and the multilayer coated transparent heater on the PET substrate is 

71.5% at 450 nm. As a result, the relative transmittance is 86.7%. The three-layer coating 

contributes to at least a 10% loss in transmittance due to the reflectance of the coating. 

To simulate the transmittance of the coating and substrate, we utilized the refractive 

indices of the materials obtained (Figure 21). The recorded optical properties of the 

materials enable us to design and optimize coatings in the future. Besides, it can expedite 

the design process and allow us to simulate the transmittance of the multilayer coating 

prior to the fabrication process. Figure 26C shows that the simulated spectra fit well with 

the measured spectra. A good homogenous heater requires a homogenous temperature 

distribution. For this purpose, we use the IR imaging technique to investigate the heating 

homogeneity, which facilitates the detection of invisible coating defects. Figure 26D 

shows the thermal image of the transparent heater, which has a uniform distribution of 

heat across the surface of the transparent heater. Next, we will show that the transparent 

heater is an important component for the proposed thermochromic smart window. The 

advantage of using the Al2O3/Ag/Al2O3 transparent heater in the window configuration is 

its dual functionalities; as a heater activating the heat-sensitive pNIPAM on-demand and 

as a reflective coating blocking the heat generated by reflecting the invisible longwave 

IR spectrum. 
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Figure 26. Electrical and optical properties of transparent heater. A) Temperature 

evolution of the transparent heater at different applied power. Inset shows the temperature 

measurement taken at 150 s for various input power. B) The current and voltage 

relationship of the transparent heater. C) Simulated and measured transmittance spectra 

of PET substrate and the transparent heater. D) IR thermal image of the transparent heater 

under applied voltage. 

 

3.5.3. Broadband Light Management and Visible Light Modulation of Smart Window 

To demonstrate the benefits of the transparent heater to complement pNIPAM, we 

combine the thermoresponsive pNIPAM solution and the Al2O3/Ag/Al2O3 multilayer 

stack transparent heater to construct a smart window. We build a smart window model 

made of a 10 cm x 10 cm plexiglass, a 10 cm x 10 cm laser-cut window frame, and a 10 

cm x 10 cm transparent heater. We seal these components together with transparent 

silicone. Then, we inject the pNIPAM solution into the 1 mm reserved space of the 

window via a small hole, which is later sealed with waterproof tape. The concentration 

of the pNIPAM affects the opacity of the windows [116]. Therefore, we ensure to obtain 

the largest optical contrast by using 6.67 mg mL-1 pNIPAM concentration. To 

demonstrate the temperature response of the window, we imitate the rise in temperature 

during a hot summer day by conducting an on-off experiment where we apply a bias 
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voltage of 8.6 V across the heater to heat the window to 40 °C. Figure 27A shows the 

temperature of the window reaches 40 °C in 650 seconds. As the temperature reaches the 

LCST of pNIPAM at 32.5 °C, the window becomes translucent (Figure 27B). Above 

LCST, the window transitions to the opaque state. Once the voltage is turned off, the 

window cools down gradually. In the cooling process, we see the window's opacity clears 

up below the LCST, and the window recovers its transparency. Thus, we show a visually 

distinct reversible transition from the transparent state to the opaque state with high 

optical contrast regulated by temperature in this window. 

 

Figure 27.Time-dependent temperature response of the window heated by its transparent 

heater in an on-off experiment. B) Images of the smart window transitioning between 

transparent and opaque states due to temperature change that activates/deactivates the 

sandwiched thermoresponsive pNIPAM layer. 

 

To quantify the optical transmittance of the window when the temperature is below and 

above the LCST, we measure the vis-NIR transmittance spectra (380 – 2500 nm) of the 

window (Figure 28A). Below the LCST, the window is transparent, and it shows the 

highest transmittance of 68.9 % at 450 nm. By increasing the temperature to above LCST, 

the transmittance drops to 0.4 % at 450 nm. The window shows a very high optical 

contrast in the visible range. To display the extended optical properties of the window 

from 2500 nm to 25000 nm, we perform measurements with FTIR spectrometer. Figure 
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28B shows the window's measured transmittance spectrum (line), calculated reflectance 

spectrum (dash line), and calculated absorbance spectrum (dotted line) in a 

comprehensive range between 380 – 25000 nm, obtained by combining NIR and IR 

measurement results. The results show that the window can manage thermal heat in a 

broad spectrum by combining the thermoresponsive pNIPAM and the heat reflective 

coating. The window reflects more than 95% of the long infrared wavelength, which is 

beneficial during hot seasons as it blocks the invisible heat radiation from entering the 

cool interior of the building. In cold seasons, the window's coating keeps the building 

warm by reflecting the radiant heat generated inside the building. The window shows that 

it has the filtering capability to only reflect the excessive heat energy in the longwave IR 

without losing visible light transmission. Additionally, the transparent heater in a window 

provides the user a "privacy" switch to modulate the window’s opacity at night when the 

temperature drops by activating the thermoresponsive pNIPAM layer with heat.  

 

Figure 28. Transmittance spectra of the window recorded at a temperature below and 

above the LCST. The shaded graph in red represents the solar radiation spectrum [142]. 

The rainbow color represents the visible range, and the inset shows the images of the 

window in the transparent state and opaque state (A); the window's measured 

transmittance spectrum (line), calculated reflectance (dash) and absorbance spectrum 

(dotted line) in a comprehensive range between 380 – 25000 nm (B). 

 

To quantify the performance of the smart window, we calculate the luminous 

transmittance and solar modulation ability. At temperatures below the LCST, we 

calculate the integrated luminous transmittance Tlum as 63.9%, and solar transmittance 

Tsol as 45.7%. We quantify the modulation ability of the smart window from the 

difference of the luminous/solar transmittances ∆Tlum/sol, between the transparent state 

and opaque state. The ∆Tlum and ∆Tsol are 63.3% and 43.9%, respectively. 
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3.6.Conclusions 

We combine the pNIPAM solution, transparent heater, and low emissive coating to 

engineer a smart window. We demonstrate how we utilize a thermoresponsive polymer, 

pNIPAM, in a window to show a window's excellent visible light modulation ability, 

either in the transparent state (transmittance = 68.9% at 450 nm) or in the opaque state 

(transmittance = 0.4% at 450 nm). In the transparent state, higher transmittance can be 

achieved if a substrate with better transmittance such as glass is used. The LCST of 

pNIPAM at 32.5 °C can be reached quickly with the integrated transparent heater to 

obtain the opaque state, thus granting the user a "privacy" switch. At temperatures below 

LCST, we report Tlum as 63.9% and Tsol as 45.7%. With the phase transition, above LCST, 

the smart window’s visible and solar modulation ability, ∆Tlum and ∆Tsol are determined 

as 63.3% and 43.9%, respectively. Moreover, the coating of the transparent heater can 

block most of the broadband IR heat radiation (Reflectance > 95%, between 2000 – 25000 

nm) in the transparent state without affecting the visible light transmitting through the 

window. This active and passive modulation ability of smart window is useful in 

buildings where users require energy-saving functionalities for hot and cold seasons and 

privacy protection at night when the temperature drops. The silver-based oxide-metal-

oxide transparent heater with a sheet resistance of 9.5 Ω sq-1 shows its potential as a 

transparent heater for smart window application (relative transmittance = 86.7% at 450 

nm).  
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