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ABSTRACT 

Demand for high-speed optical modulators and narrow-bandwidth infrared 

thermal emitters for numerous applications continues to rise and new optical devices are 

needed to deal with massive data flows, processing powers, and fabrication 

costs.  Conventional techniques are usually hindered by material limitations or electronic 

interconnects and advances in organic nanocomposite materials and their integration into 

photonic integrated circuits (PICs) have been acknowledged as a promising alternative to 

single crystal techniques.  The work presented in this thesis uses plasmonic and magneto-

optic effects towards the development of novel optical devices for harnessing light and 

generating high bandwidth signals (>40GHz) at room and cryogenic temperatures 

(4.2°K). Several publications have resulted from these efforts and are listed at the end of 

the abstract. 

In our first published research we developed a narrow-bandwidth mid-infrared 

thermal emitter using an Ag/dielectric/Ag thin film structure arranged in hexagonal 

planar lattice structures. PECVD produced nanoamorphous carbon (NAC) is used as a 

dielectric layer.  Spectrally tunable (>2 µm) and narrow bandwidth (<0.5 µm) emission 

peaks in the range of 4-7 µm were demonstrated by decreasing the resistivity of NAC 

from 1012 and 109 Ω.cm with an MoSi2 dopant and increasing the emitter lattice constant 

from 4 to 7 µm.  This technique offers excellent flexibility for developing cost-effective 

mid-IR sources as compared to costly fiber and quantum cascade lasers (QCLs).  
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Next, the effect of temperature on the Verdet constant for cobalt-ferrite 

polymer nanocomposites was measured for a series of temperatures ranging from 40 to 

200°K with a Faraday rotation polarimeter. No visual change was observed in the 

films during thermal cycling, and ~4× improvement was achieved at 40°K. The results 

are promising and further analysis is merited at 4.2°K to assess the performance of this 

material for cryogenic magneto-optic modulators for supercomputers. 

Finally, the dielectric constant and loss tangent of MAPTMS sol-gel films were 

measured over a wide range of microwave frequencies.  The test structures were prepared 

by spin-coating sol-gel films onto metallized glass substrates.  The dielectric properties of 

the sol-gel were probed with several different sets of coplanar waveguides (CPWs) 

electroplated onto sol-gel films.  The dielectric constant and loss-tangent of these films 

were determined to be ~3.1 and 3 × 10-3 at 35GHz. These results are very promising 

indicating that sol-gels are viable cladding materials for high-speed electro-optic polymer 

modulators (>40GHz).   

Publications: 

1. V. Demir, Ram Voorakaranam, R.A. Norwood, N. Peyghambarian, “Microwave 
Properties of MAPTMS sol-gel for high-speed electro-optic devices,’’ IEEE Trans. 
on Microwave. Theory and Techn., 62, 1599-1604 (2014). 

2. V. Demir, P. Gangopadhyay, R. A. Norwood, N. Peyghambarian, “Faraday rotation 
of Cobalt Ferrite nanoparticle polymer composite films at cryogenic temperatures,’’ 
Appl. Optics 53 (10), 2087-2092 (2014).  

3. V. Demir, I.E. Araci, A. Kropachev, T. Skotheim, R. A. Norwood, and N. 
Peyghambarian, “Nanoamorphous carbon as a blackbody source in plasmonic thermal 
emitters,” Appl. Optics 50, 218-221 (2011). 

 

 

 



 
 

 

18 

 
Chapter 1 

1 PHOTONIC CRYSTAL-BASED INFRARED THERMAL EMITTERS 

1.1 Introduction 

Compact, cost-effective, narrow bandwidth and wavelength tunable mid-IR light 

sources (3-10 µm) continue to receive considerable attention in the research community 

and commercial applications such as gas sensors, spectroscopy, atmospheric pollution 

monitoring, industrial process control, leak detection, automotive engine exhaust 

analysis, and telecommunication [1, 2]. Although light sources in the UV-VIS-NIR range 

of the spectrum have been developed for some time, enabling mid-IR sources remains 

relatively a challenge. Quantum cascade lasers, for instance, circumvent low-quantum 

efficiencies at the mid-IR wavelengths but are shown to be difficult and costly to 

fabricate [3, 4]. Fiber lasers, on the other hand, seems very attractive but requires a costly 

material process to remove hydroxyl groups in a halide glass to sustain a transparent 

medium for light generation [5]. Thus, traditional blackbody broadband radiation emitters 

remain the primary means of mid-IR light generation, which requires additional 

techniques to enable narrow bandwidth emission. In this study, we aimed at 

demonstrating the flexibility that nanoamorphous carbon (NAC) thin films, as opposed to 

blackbody sources, can provide when incorporated into 2D photonic crystal structures for 

enabling wavelength tunable and narrow bandwidth thermal infrared emitters. 

The physics of blackbody radiation has been a source of fascination for well over 

a century and has led to the discovery of quantum mechanics. At thermal equilibrium, a 
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perfect blackbody object spontaneously absorbs and emits energy over a broad bandwidth 

as described by the Planck’s radiation law. On the contrary, for many applications, 

narrow bandwidth and wavelength tunable characteristics of emitters are desired. Thus, 

modification of blackbody emission is required. Several methods that enable such 

modifications involve 2D or 3D photonic crystals structures, resonant-cavities, and Bragg 

reflectors, [6-12]. 2D photonic crystal structures overlaying a dielectric film or blackbody 

source, known as Plasmonic Infrared Thermal Emitters (PTEs), provide an easy way to 

modify the blackbody emission. A typical PTE structure consists of an insulator thin film 

(~100nm) sandwiched between two conductor thin films (~100nm) on a substrate where 

the top conductor film is patterned with periodic hole arrays known as metallic photonic 

crystals (PCs). The insulator film of PTE structures serves as broadband radiation source 

when it is heated. This radiation further couples into the localized surface plasmon 

polariton (SPP) modes at the metal dielectric interface resulting in very sharp emission 

peaks. The emission wavelength of PTE can be designed based on dielectric constants of 

metal and dielectric films as well as the periodicity of the top metal PC structure. So far, 

various metals and dielectrics have been utilized in PTEs. For example, Ag, Al, Au, or 

highly doped TiN containing carbon-based composite films such as nanoamorphous 

carbon (NAC:TiN) have been utilized as metal layers, and SiO2 and Al2O3 as dielectric 

layers [13-16]. In the current study, pure NAC films and low-level doped NAC:MoSi2 

films were utilized as the dielectric layer. For this, Ag/NAC/Ag, Ag/NAC:MoSi2/Ag type 

PTEs following hexagonal lattice structures with periodicity of 4, 5, 6, and 7 µm were 

fabricated following regular photolithography steps and their emissions were collected 
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with a Fourier transform infrared spectrometer (FTIR). The spectral shifts of around ~ 2 

µm for these emission peaks were achieved by low-level doped NAC films as well as 

surface periodicity of the top metal PC structures.  

In Section 1.2 through 1.5, blackbody emission, SPP modes as well as the 

coupling condition of the blackbody radiation to the SPP modes will be described. In 

Section 1.6, NAC will be described, and in Section 1.7 the fabrication of PTE structures 

will be discussed. Finally, the measurements will be presented in Section 1.8.  

 

1.2 Blackbody Emission 

A blackbody source is a theoretical surface that absorbs the entire radiant energy 

incident on its surface, and at thermal equilibrium it radiates the absorbed energy at all 

frequencies, from radio waves to gamma rays, with an intensity distribution that depends 

on its temperature. An ideal blackbody source neither reflects nor transmits the incident 

radiation. Thus the emissivity of a perfect blackbody at the thermal equilibrium is 

expected to be 𝜀 = 1. Due to the fact that real objects are not perfect absorbers according 

to Kirchhoff’s law, the emissivity of the most objects at thermal equilibrium is sub-unity 

𝜀 < 1 [17]. Blackbody sources used for calibration experiments are usually made of 

graphite or hollow sphere with an aperture coated with extremely low reflectance 

coatings that can possess emissivity values exceeding 99 %. The spectral irradiance from 

blackbody emission is described by the Planck’s intensity distribution and is given as 
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 𝐼! 𝜆 =
2ℎ𝑐!

𝜆!
1

𝑒
!!
!"# − 1

     (1.1) 

   

where c is the speed of light, 𝜆 is the emission or absorption wavelength, T is the 

equilibrium temperature, 𝑘! = 1.38  𝑥  10!!" !
!

 is the Boltzmann constant, and ℎ =

6.625  𝑥  10!!"𝐽. 𝑠 is the Planck constant. The blackbody emission spectrum of an ideal 

object is plotted at several temperatures as shown in Figure 1.1 and it blue shifts as the 

temperature goes up. 

 

Figure 1.1 Emission spectra of an ideal blackbody source plotted for 180-260 oC 
using the Planck’s radiation formula. 
 

The location of emission peaks is inversely proportional to the equilibrium temperature 

and can be determined by finding the location maximum using ((1.2) 

 



 
 

 

22 

 𝑑𝐼!
𝑑𝜆 = 0 (1.2) 

 

which yields the peak emittance wavelength  as 

 
𝜆!"#$ =

2.8977𝑥10!

𝑇   𝜇𝑚.𝐾 (1.3) 

 

(1.3) is known as Wien’s displacement law and temperature dependent peak locations of 

blackbody emissions are plotted in Figure 1.2. 
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Figure 1.2 The peak emission wavelength of an ideal blackbody at various 
temperatures. 

  

As can be seen in Figure 1.2, the blackbody emission peak experience ~1 µm spectral 

shift as temperature goes up from 180 to 260 oC. As it will be shown later, this provides a 

means to enhance surface plasmon polariton mode selectively with the temperature 

effect. Since an ideal blackbody emits radiation at all wavelengths, its emission can be 
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suppressed or enhanced at certain wavelength using 2D photonic crystal structures that 

modify the emission spectrum through surface plasmon effect. In the following two 

sections, the concept of surface plasmons will be described. 

1.3 Volume Plasmon   

Plasmon modes are known as coherent oscillations of electrons that can be excited 

in the volume of the material or at a metal and dielectric interface [18]. In the absence of 

free charges, Maxwell equations are given by  

 
∇.D = 0 (1.4) 

 
∇.B = 0 (1.5) 

 
∇x𝐸 = −

∂𝐵
∂t  (1.6) 

 
∇x𝐻 =

∂𝐷
∂t      (1.7) 

 

The electric displacement vector given in ((1.4) can be written as  

 D ω, q = ϵ ω, q   E(ω, q) (1.8) 

 

where D, 𝜖, and E are the electric displacement vector, dielectric function and electric 

field vector as a function wavenumber and frequency respectively. Considering the 

electric field as a simple plane wave as 

  
𝐸 = 𝐸!  𝑒(!.!!!") (1.9) 
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and plugging this into ((1.4) results in  

 
𝜖! ω, q 𝑞.𝐸 = 0 (1.10) 

 

For longitudinal waves, it is clear that  

 
𝑞.𝐸 ≠ 0 (1.11) 

 

Thus the dielectric constant or dispersion becomes vanishing for longitudinal waves, i.e. 

 𝜖! ω, q = 0 (1.12) 

 

Dispersion relation for transverse waves, on the other hand, can be obtained by plugging 

the plane wave equation given in ((1.16)  

 
𝜖! ω, q =

𝑞!𝑐!

𝜔!  (1.13) 

 

Generally, the dielectric constant is considered a complex quantity in the form of 

 ϵ = 𝜖! + 𝑖𝜖!!  (1.14) 

 

where 𝜖! and 𝜖!′ are known as real and imaginary parts of the dielectric function. In 

optics, material properties are generally identified by quantities such as index of 

refraction (n) and extinction coefficient (k) or intensity absorption coefficient (𝛼), which 

are related to the real and imaginary part of dielectric constant given in  (1.14). These 
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relationships can be obtained by considering a plane wave propagating inside a lossy 

medium in z-direction as   

 
𝐸 = 𝐸!𝑒!!"#𝑒!(!!!")! (1.15) 

 

where q is the wavenumber and K is the extinction coefficient. Plugging ((1.15) into the 

wave equation  

 
∇!𝐸 −

𝜖
𝑐!

𝜕!

𝜕𝑡! 𝐸 = 0 (1.16) 

gives rise to an expression 

 
(𝑞 + 𝑖𝐾)! =

𝜔!

𝑐! (𝜖
! + 𝜖!!) (1.17) 

 

The refractive index is defined as the ratio between the wavenumber of the medium q and 

𝑞! =
!
!
 in vacuum 

 n ω =
𝑞
𝑞!
=
𝑞𝜔
𝑐  (1.18) 

 

After some algebraic manipulations employed, a relation between index of refraction, 

absorption coefficient and dielectric can be found as  

 
n(ω) =

1
2 𝜖! + (𝜖!)! + (𝜖!!)!  (1.19) 

  

α(ω) = 2K =
𝜔
𝑐
𝜖!!

𝑛  
(1.20) 
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Optical constants are generally obtained by advanced and expensive methods involving 

ellipsometery, interferometry or prism coupling. Most of the time, such methods are not 

applicable at IR wavelengths. As it will be clear later, the emissions from photonic crystal 

structure may be used to determine approximate dielectric constant of the dielectric layers 

relatively easily. 

Frequency dependent dielectric constant of metals is of interest, which can be 

found by the Drude model as 

 
𝑚!

𝑑!𝑥(𝑡)
𝑑𝑡! +

𝑚!

𝜏
𝑑𝑥(𝑡)
𝑑𝑡 = −e𝐸(𝑡) (1.21) 

 

where 𝜏 is the relaxation of electrons in the range of 10-13 sec for metals. Plane wave 

solution of ((1.21) gives rise to the Drude dielectric function as  

 ϵ ω = 𝜖! −
4𝜋𝑛𝑒!𝜏
𝑚!𝜔

𝜔𝜏 − 𝑖
𝜔!𝜏! + 1 (1.22) 

 

At low frequencies 𝜔𝜏 ≪ 1, the dielectric function is purely imaginary therefore  

 

 
n ω =

1
2 𝜖

!! =
2𝜋𝑛𝑒!𝜏
𝑚!𝜔

 (1.23) 

 

 
 

α ω =
𝜔
𝑐 2𝜖!! =

𝜔
𝑐

8𝜋𝑛𝑒!𝜏
𝑚!𝜔

 
(1.24) 
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At the high frequencies 𝜔𝜏 ≫ 1, which is corresponding to UV part of the spectrum then 

the dielectric constant becomes  

 𝜖! = 𝜖! 1−
𝜔!!

𝜔!  (1.25) 

 

where 𝜔! is known as plasma frequency and is given by 

 

 
𝜔! =

4𝜋𝑛𝑒!

𝜖!𝑚!
 (1.26) 

 

As ((1.25) suggests, the dielectric constant or dispersion of the volume plasmons is 

vanishing at 𝜔 = 𝜔! indicating it as a longitudinal wave. For 𝜔 > 𝜔!, the dielectric 

constant is positive 

 𝜖! > 0 (1.27) 

where the medium behaves like a glass thus the refractive index becomes  

 
n(ω) = 𝜖!(1−

𝜔!!

𝜔!) (1.28) 

 

For 𝜔 < 𝜔!, on the other hand, medium start to act like a mirror where the dielectric 

constant become negative  

 𝜖! < 0 (1.29) 
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Thus volume plasmons behave like longitudinal waves with zero dispersion where they 

can be excited with inelastic electron frequencies, x-rays or light. Light needs to be 

incident at an oblique angle in order to attain a longitudinal component in order to excite 

volume plasmons. The transverse electric field in vacuum cannot excite volume plasmons 

since there is no longitudinal component of the electric vector. Another way for TEM 

wave to attain a longitudinal component is a presence of a boundary where the dielectric 

constant becomes space dependent indicated by ((1.31) 

 
∇.D = ∇. ϵ r E = 0 (1.30) 

 
∇.E = −E.∇Inϵ r ≠ 0 (1.31) 

 

introducing Surface Plasmons that play critical roles in modification of the blackbody 

emission spectrum.    

 

1.4 Surface Plasmon  

Surface plasmon waves are electromagnetic waves that can be sustained in metal / 

dielectric interface as depicted in Figure 1.3. To obtain a dispersion relation for surface 

plasmon waves, TM field vectors for a surface plasmon propagating along x-axis, with 

frequency 𝜉 and wave vector 𝑘! is considered first [18]  

 
𝐸! = (𝐸!! , 0,𝐸!!)𝑒!(!!!!!")𝑒!!!!          for z>0 (1.32) 

 
𝐸! = (𝐸!! , 0,𝐸!!)𝑒!(!!!!!")𝑒!!!           for z<0 (1.33) 
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 𝐻! = (0,𝐻!! , 0)𝑒!(!!!!!")𝑒!!!!          for z>0 (1.34) 

 𝐻! = (0,𝐻!! , 0)𝑒!(!!!!!")𝑒!!!            for z<0 (1.35) 

 
 

Figure 1.3 Surface plasmon wave confined at the metal/dielectric interface. 

The boundary condition needs to be satisfied at the metal/dielectric interface for z=0 

 𝐸!! = 𝐸!! (1.36) 

 𝐻!! = 𝐸!! (1.37) 

 𝜖!𝐸!! = 𝜖!𝐸!! (1.38) 

Solving Maxwell’s 3rd equation for the upper and lower planes of that interface, the ratio 

of the resulting equations gives an important condition for surface plasmon mode as 

 

 𝛼!
𝛼!

= −
𝜖!
𝜖!

 (1.39) 
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(1.39) indicates that 𝜖! and 𝜖! carry opposite signs.  Metals and dielectrics are known to 

have negative and positive dielectric constants at the mid-IR wavelengths, which satisfies 

((1.39).  Plugging the longitudinal component of electric field for the upper and lower 

planes in the wave equation given in ((1.16) gives rise to a dispersion relation for surface 

plasmons as  

 

 𝑘! =
𝜉
𝑐

𝜖!𝜖!
𝜖! + 𝜖!

 (1.40) 

 

On the other hand, dispersion relation for photons propagating in a medium with 𝜖! is 

given by  

 q =
𝜔
𝑐 𝜖! (1.41) 

 

The momentum conservation rule is not satisfied between ((1.40) and ((1.41) since since 

𝑘! > 𝑞. Therefore, surface plasmons are nonradiative and they cannot couple to incident 

photons. In the visible range, the momentum conservation is satisfied when there is 

periodic structure interface such as 1D grating with pitch period p. 

 𝜔
𝑐 𝜖! sin 𝜃 +

2𝜋𝑚
𝑑 = 𝑘! (1.42) 

Another example is prism coupling where the momentum conservation holds through 

 𝜔
𝑐 𝜖! sin(𝜃) = 𝑘! (1.43) 
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1.5 Plasmonic Thermal Infrared Emitter (PTE) 

Similar to the visible, 2D metallic photonic crystal structures can be utilized to 

couple infrared light to surface plasmon modes as well. In this study, 2D metallic 

photonic crystals following hexagonal lattice overlaying nanoamorphous carbon films 

were utilized. The device geometry is shown in Figure 1.4.  

  
       
Figure 1.4 a) Cross section of PTE following hexagonal lattice structure with the 
periodicity a and hole size a/2; b) 3D perspective. 
 

The structure shown in Figure 1.4 is know an as Plasmonic Infrared Thermal 

Emitter (PTE). As described earlier, a typical PTE structure consists of an insulator thin 

film (~100nm) sandwiched between two conductor thin films (~100nm) on a substrate 

where the top conductor film is patterned with periodic hexagonal hole arrays [19]. The 

insulator film serves as a blackbody source when it is heated. The broadband radiation in 

the insulator film further couples to localized surface plasmon modes at the metal 

dielectric interface, which results in sharp emission peaks. The central emission 
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wavelength of that peaks can be found the momentum conservation as follows. The direct 

and reciprocal lattice of a hexagonal lattice structure is shown in Figure 1.5. 

 
 
Figure 1.5 a) Direct and b) reciprocal lattice space of 2D hexagonal lattice photonic 
crystal structure.  
 

The primitive lattice vector of the structure in Figure 1.5 a) can be described as [18]   

 
𝑅 = 𝑛!𝒂+ 𝑛!𝒃 (1.44) 

 

where a, and b are translation vector, a is lattice constant or pitch period, 𝑛! and 𝑛! are 

integers. Then, the translation vectors for the hexagonal lattice is [20] 

 
 

𝒂 = 𝑎(
1
2    ,

3
2 ) 

(1.45) 

 
 

𝒃 = 𝑎(
1
2    ,−

3
2 ) 

(1.46) 

 

On the other hand, the reciprocal lattice vector G in the momentum space in Figure 1.5 

b) can be given as  
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𝑮 = 𝑖𝒈𝟏 + 𝑗𝒈𝟐 (1.47) 

 

where i and j are integers and g1 and g2 are given by 

 

 𝒈𝟏 =
2𝜋
𝑎 (1,

1
3
) (1.48) 

 𝒈𝟐 =
2𝜋
𝑎 (1,−

1
3
) (1.49) 

 

In order for the radiation to couple to surface plasmon modes, the momentum 

conservation has to be satisfied following 

 
𝒌𝑩𝑩 + 𝑮 = 𝒌𝑺𝑷 (1.50) 

 

 where kBB, G and 𝑘!" are wave vector for incident light, hexagonal lattice structure and 

surface plasmons given in ((1.40) and ((1.47), respectively. Taking the oblique incidence 

of light into consideration, then 𝑘!!can be given as 

 𝒌𝑩𝑩 =
𝜔
𝑐 sin𝜃 (cos𝜑 , sin𝜑) (1.51) 

 

where 𝜃 and 𝜑 are polar and azimuthal angles. Thus, ((1.50) becomes 

 

 sin𝜃 cos𝜑 +
𝜆!""
𝑎 𝑖 + 𝑗 , sin𝜃 sin𝜑 +

𝜆!""
3𝑎

(𝑖 − 𝑗) =
𝜖!𝜖!
𝜖! + 𝜖!

   (1.52) 
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where 𝜖! and 𝜖! are dielectric constant of the dielectric and metal layers, i and j are 

integers that are corresponding to surface plasmon polariton modes, 𝜆!"" is the emission 

wavelength. Assuming that the blackbody radiation has normal incidence on the photonic 

crystal structure, then ((1.52) becomes 

 

 𝜆!"" = 𝑎
4
3 (𝑖

! + 𝑗! + 𝑖𝑗)
!!/! 𝜖!𝜖!

𝜖! + 𝜖!
   (1.53) 

 

 

Using ((1.53), one can determine the expected emission wavelength of PTEs as long as 

the dielectric constant of the metal and dielectric layers at a specific wavelength of a. 

Since, the dielectric constant of Ag and SiO2 are known at the mid-IR range, the emission 

wavelength 𝜆!"" for Ag/SiO2/Ag type PTE as a function of lattice constant of hexagonal 

lattice for i=1, j=0 and normal incidence 𝜃 = 0 can be determined from ((1.53). The 

expected emission wavelength of Ag/SiO2/Ag type with surface periodicity from 3 to 8 

µm are calculated and the results are shown in Figure 1.6 where the results agrees with 

published experimental data in [13]. As can be seen in that figure, the emission 

wavelength is not linearly related to the lattice constant since there is an absorption band 

in SiO2 at longer wavelengths.  
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Figure 1.6 Calculated the peak emission wavelength versus the lattice periodicity of 
hexagonal lattice overlaying an SiO2 thin film. 

 

1.6 Nanoamorphous Carbon (NAC) 

PECVD produced nano-amorphous carbon (NAC) films were utilized as a 

conductor layer in PTEs before [14]. Classified as a diamond-like carbon (DL) material, 

NAC consists of C-Si networks that are characterized by a high relative ratio of carbon in 

sp3 to sp2 states. DL materials have important applications in areas that require high 

electric conductivity and dielectric constants, high mechanical and temperature stability, 

and biocompatibility [21, 22]. NAC matrix consists of C, Si, O and H atoms where H 

stabilizes C network and O stabilizes Si network. C: H and Si:O networks further 

stabilize each other and make NAC matrix as ideal for metal introduction. Metal 

additives in NAC matrix distribute themselves as separate atoms or a disordered network 

where all the existing networks (C:H, Si:O, Metal) are bonded to one another by weak 
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chemical forces. In the dielectric regime where NAC is low-level doped with metals, for 

instance, the metal inclusions are distributed in C or Si network. As the metal 

concentration increases, metal additives start to form a third network where at this 

percolation threshold, most of the characteristics of the films start to change abruptly 

[14]. For instance, undoped NAC films have conductivity on the order of 10-10 S/cm, 

enabling their use as insulators. Whereas, highly conducting NAC films can be obtained 

through metal doping, in which case the conductivity as high as 103 S/cm can be achieved 

[14, 23]. Metal additives incorporated in carbon network of NAC films contribute to 

conductivity and dielectric constant of the film similar to previous studies shown for 

DLC films [24, 25]. Hence, a wide range of doping can be utilized as a control parameter 

for tuning the emission peaks of PTE structures. In this study pure NAC or MoSi2 

containing NAC films doped at low-levels were utilized as dielectric layers in PTEs. 

Another advantage of such films is that they are known to provide improved adhesion 

and improved mechanical stability [26].  DLC films can be either amorphous or 

crystalline depending on the type of precursors during the deposition process in PECVD 

[27]. In this study, HMDSO and C2H2 were used as NAC precursors and MoSi2 was used 

as a metal target where HMDSO and C2H2 are known to produce amorphous films.  

 

1.7 Fabrication  

In order to fabricate PTE samples, ~100 nm Ag film was deposited onto a cleaned 

BK7 glass substrate followed by deposition of undoped NAC or low-level doped 

NAC:MoSi2 films in a magnetron assisted PECVD system. The magnetron power was 
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the control parameter to achieve NAC:MoSi2 films with various metal concentrations. 

For instance, undoped NAC films were deposited at magnetron power P=0 W which are 

expected to be highly insulating films. The conductivity values of undoped NAC films 

were shown to significantly increase with TiN dopants resulting in highly conducting 

films at magnetron powers as high as 300 W as shown in a previous study [14].  In this 

study, the magnetron power was kept at relatively low values around ~ 85 W to ensure 

that NAC: MoSi2 films are still insulators. Typical growth steps of such films involves 

pumping down the chamber to 10-6 Torr, filling the chamber with argon, inducing Ar+ 

plasma to etch the sample RF-biased at 100 W and induced self bias voltage of -600 

VDC. Then hot-wire method was used to ionize or evaporate NAC precursors of 

HMDSO and C2H2 to deposit pure NAC films and MoSi2 target to achieve low-doped 

NAC films at magnetron power as high as 85 W. Finally, another ~100 nm Ag film was 

deposited before patterning the photonic crystal patterns.  

  Periodic hole arrays with lattice constants ranging from 4 µm to 7 µm were 

patterned to the top Ag layer following the regular photolithography steps as shown in 

Figure 1.7.  A photoresist layer (PR 1813) was spin coated onto the top silver layer and 

soft-baked. UV exposure was performed using a photo-mask in a mask-aligner KARL 

SUSS MJB3.  Then, the PR films were developed in a diluted developer flowed by a hard 

bake step before etching Ag films. Finally, Ag was etched away in NH4OH:H2O2:H2O 

(1.5:1:20) and the PR layer was removed with acetone and isopropyl alcohol before 

testing. Optimized parameters of each step are given are Table 1-1 
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Figure 1.7 Standard photolithography steps for fabrication of the thermal infrared 
emitters. 

 

 

Table 1-1:  Optimized process parameters for photolithography steps followed for 
the fabrication of PTE structures. 

STEPS PARAMETERS 

Spin coat Photoresist PR1813 Spread: 500 rpm//5 sec 
Spin: 4000 rpm /60 sec 

Soft bake  2 min @ 110 o C on a hot plate 

UV expose  7 sec at 340 W (KARL SUSS MJB3)-Soft contact mode 

Develop PR MICROPOSIT 351 DEVELOPER: H2O (1:4) for 35 sec- Immersion 
Rinse with DI water + Dry clean with nitrogen 

Hard Bake  30 min @ 120 o C on a hotplate 

Wet etching Ag NH4OH: H2O2: H2O (1.5:1:20) 

 

Finally, optical microscope images of Ag/NAC/Ag type PTEs with surface periodicity of 

4, 5, 6, 7 𝜇𝑚 are shown in Figure 1.8. 

 



 
 

 

39 

  

  
Figure 1.8 Optical microscope images of Ag/NAC/Ag type PTEs following 
hexagonal lattice with periodicity a of a) 4 b) 5 c) 6 and d) 7 µm.  

 

1.8 Measurements 

The samples were heated up on a miniature hot plate in a nitrogen purged closed 

box and the radiating emissions were collected with Thermo Scientific’s Nicolet 6700 

FTIR spectrometer as shown in Figure 1.9.  

    
Figure 1.9 FTIR spectrometer and external radiation collecting optics used for 
collecting the emission intensities of plasmonic infrared thermal emitters (PTEs).  
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First an unpatterned NAC film was heated at 180, 200, 220, 240 and 260 oC temperatures 

and the emission spectra at these temperatures are shown in Figure 1.10. The spectra 

blue shifted with high temperatures similar to that was calculated for an ideal blackbody 

in Figure 1.1. 

 
Figure 1.10 Blackbody emission spectra of a nanoamorphous carbon film at T= 
180, 200, 220, 240 and 260 oC.  
 

 

The location of peaks of unpatterned NAC and the blackbody with temperature were 

compared and are given in Figure 1.11. The spectral shifts for NAC and blackbody were 

found to be 

  

 𝑑𝜆
𝑑𝑇 = −1  

𝑛𝑚
𝐶  (1.54) 
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 𝑑𝜆
𝑑𝑇 = −1.2  

𝑛𝑚
𝐶  (1.55) 

 

The difference might be due to the lack of direct reading of the temperature from the 

surface of the samples. 
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Figure 1.11 Theoretical (blue) and measured (red) peak emittance wavelength of 
an ideal blackbody source and NAC film at 180, 200, 220, 240 and 260 oC.  
 

 

Next we measured emissions from Ag/NAC/Ag and Ag/NAC:MoSi2/Ag-type PTEs with 

the periodicity of 4 µm. The deposition process of NAC and NAC:MoSi2 films were 

discussed before. Undoped NAC films were produced with magnetron power of P=0 W 

and NAC:MoSi2 films were deposited at magnetron power  as high as ~85 W. The 

deposition conditions of two low-level doped NAC:MoSi2 are shown in Table 1-2 and the 

resistivity of the films were measured using PRF-922B probe of Prostat Company. 
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Table 1-2:  Deposition conditions for 170 and 260 nm thick NAC/MoSi2 B and C 
films. 

Magnetron power (W) 75 /85 DC voltage (V) -374-384/ -391 

RF-bias power (W) 100 Self-bias  (V) -650 

Ion Current (A) 2.5 DC voltage  (V) -33 

Deposition rate (nm/min) 12-14 

 

The resistivity of undoped NAC and two doped NAC:MoSi2 samples are given in Figure 

1.12. The resistivity of undoped NAC films with magnetron power P=0 W was found to 

be on the order of 1010 Ω.cm. 
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Figure 1.12 The electrical resistivity of NAC, NAC: MoSi2 B and C samples. 

 



 
 

 

43 

A decrease in resistivity was observed between the resistivity values of 109 to 107 Ω.cm 

for higher magnetron power similar to NAC: TiN films [14].   

Finally, the emission spectra of these samples were measured at 260 oC. For 

comparison SiO2-based Ag/SiO2/Ag PTE were fabricated and the emission spectrum of 

all samples are shown in Figure 1.13 where emission bandwidth as low as 0.5 𝜇𝑚 was 

observed.  
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Figure 1.13 Normalized (0,1) emission spectra of Ag/NAC/Ag, Ag/NAC: MoSi2/Ag 
and Ag/SiO2/Ag type PTEs with periodicity of 4 µm.  

 

As can be seen in Figure 1.13, compared to NAC, a maximum spectral shift of 2.06 µm 

was achieved for the sample that was prepared at the highest magnetron power of ~85 W. 

This might be due to an increase in the dielectric constant of NAC:MoSi2 films with 

higher metal concentrations compared to undoped NAC films. Meanwhile, a slight 

spectral shift between the emission peaks of SiO2-based and NAC-based PTEs was 
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observed at 4.61 and 4.74 µm, respectively. As mentioned earlier, emission wavelength 

can be used to approximate the dielectric constant of the dielectric films using (1.53). The 

index of refraction (dielectric constant) of SiO2 and NAC were approximated as 1.32 

(1.76) and 1.37 (1.87), which are of close value. This also agrees with a previous study 

showing that the emission peak was independent of small dielectric constant differences 

[16]. On the other hand, the index of refraction (dielectric constant) of NAC was reported 

as 2.2 (4.41) at 1.4 µm [28]. Thus, the change in refractive index (n~ 𝜀) of NAC from 

2.2 to 1.87 is most likely caused by normal dispersion. Similarly, the dielectric constants 

of other samples were calculated from the central emission wavelength and the results are 

shown in Figure 1.14.The highest dielectric constant value of 3.84 was extracted for 

NAC: MoSi2 C prepared at the highest magnetron power of 85 W.  
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Figure 1.14 Dielectric constants of SiO2, NAC and NAC: MoSi2 A, B and C 

calculated from the peak emission wavelength of Ag/NAC/Ag, Ag/NAC: MoSi2/Ag 

and Ag/SiO2/Ag type PTEs with periodicity of 4 µm. 
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We have also investigated the spectral shifts with the lattice constant of PCs. For 

this study, NAC: MoSi2 type PTEs with periodicities of 4, 5, 6 and 7 µm were fabricated 

and the emission spectra were collected at 180 oC. The results together with emission 

from an unpatterned NAC film at the same temperature are shown in Figure 1.15.  
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Figure 1.15 Relative emission spectra of Ag/NAC:MoSi2/Ag type PTEs with the 
lattice constants of a=4, 5 6 and 7 µm versus the emission spectrum of unpatterned 
170 nm thick NAC: MoSi2 films collected at 180 oC.  

 

For clarity, the emission spectra are shown in separate figures in Figure 1.16. First of all, 

one strong (1,0) Ag/NAC:MoSi2 emission mode was observed for PTEs with 

periodicities 4 and 5 µm that has strong emission peaks near the blackbody peak at this 

temperature. On the other hand, Ag/air mode, higher order (1,1) Ag/NAC mode are 

enhanced and become more pronounced for larger periodicities of 6 and 7 µm at the 

temperature. The emission peak of the PTE with the periodicity of 5 µm is the highest 
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peak value and is centered at 7.45 µm, which is very close to the peak position of the 

blackbody. 
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Figure 1.16 Relative emission spectra of Ag/NAC: MoSi2/Ag type PTEs with the 
periodicity a) a=4, 5, and b) 6, 7 µm. 
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However, the peak values start to go down as they occur further away from the blackbody 

emission peak.  This indicates that the strength of the emission peaks follow the 

blackbody emission spectrum and the intensity of one emission mode can be favored over 

another especially for PTEs with large periodicities. The location of (1,0) 

Ag/NAC:MoSi2 modes are plotted in Figure 1.17 for all PTEs indicating that the 

emission wavelength  does not hold a linear relation with the lattice contant similar to 

SiO2 - based PTEs which might be due to an increased absorption for NAC:MoSi2 at 

these wavelength.  
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Figure 1.17 Experimental emittance peak wavelength of  (1,0) Ag/NAC:MoSi2 modes 
for Ag/NAC:MoSi2 type PTEs with lattice constants of a=4, 5, 6 and 7 µm  . 

 

More importantly, increasing the lattice constant by 3 µm resulted in ~2 µm spectral shift 

in (1,0) Ag/NAC:MoSi2 emissions or  
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 Δ𝜆!""
Δ𝑎 ~1.9     (1.56) 

 

As discussed earlier, In addition to (1,0) Ag/NAC: MoSi2 surface plasmon mode, higher 

order (1,1) Ag/NAC: MoSi2 or Ag/Air can be clearly identified in Figure 1.16 b) for 

PTEs with large periodicities.  The location of (1,0), (1,1) NAC: MoSi2 and Ag/Air 

modes are given in Table 1-3. A higher order modes such as (1,1) Ag/NAC: MoSi2 or 

Ag/Air were calculated using  

     𝜆!""(1,1) =
𝜆!""(1,0)

3
 (1.57) 

 

 

Table 1-3:  Measured and calculated locations of (1,0) and (1,1) surface plasmon 
modes that are induced at Ag/NAC: MoSi2 and Ag/Air interfaces. 

Lattice 
constant 

(1,0) Ag/NAC: MoSi2 

Measured 
(1,1) Ag/NAC: MoSi2 

Meas./Cal. 
(1,0) Ag/Air 
Meas./Cal. 

(1,1) Ag/Air 
Meas./Calc. Units 

4 6.3 3.8/3.6 4.7/3.5 4.6/2 

µm 
5 6.4 3.5/4.3 5.4/4.3 4.7/2.5 

6 8 4.2/4.6 6.5/5.2 5.5/3 

7 8.2 4.9/4.7 7.3/6.1 6.3/3.5 

According to this table, both the expected and experimental values of (1,1) Ag/NAC: 

MoSi2 and (1,0) Ag/Air modes are in good agreement except for (1,1) Ag/Air mode in 

this model. This might be due to an error distribution in actual values of lattice constants 

or some type of scattering that might take place at the Ag/Air interface. 

Finally, dielectric constant of the NAC:MoSi2 films can be estimated from the 

locations of (1,0) SPP emission modes that are given in Table 1-3 and the dispersion 
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relation for SPP given in ((1.53), where the dielectric constant of Ag of 

𝜀!" = −8.34𝑥10!, −1.31𝑥10!, −1.88𝑥10!, and −2.55𝑥10! were used at 4, 5, 6 and 7 

µm [29]. The estimated dielectric constants for NAC:MoSi2 at these wavelengths are 

displayed in Figure 1.18 which exhibit a normal dispersion. This also agrees with the 

earlier results for undoped NAC films where the dielectric constant was found to be 1.87 

at 4 µm.  
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Figure 1.18 Estimated dielectric constant of NAC: MoSi2 from the peak emittance 
wavelength of (1,0) Ag/NAC: MoSi2 modes. 

 
 

As temperature increases, the blackbody spectrum shifts to lower wavelength and 

results in enhanced emission modes that occur closer to the blackbody peak at this 

temperature.  This presents an opportunity to tune the secondary (1,1) Ag/NAC:MoSi2 

SPP modes of PTEs with larger periodicities of 6 and 7 µm shown in Figure 1.16 b).  
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Figure 1.19 a) The emission spectra of Ag/NAC: MoSi2 (170nm)/Ag type PTE with 
the periodicity of 7 µm collected at 180, 220 and 260 oC; b) the emission peak 
values of (1,0) and (1,1) Ag/NAC, and Ag/Air modes versus temperature. 
 

These secondary surface plasmon modes became more apparent as the primary  (1,0) 

mode appears further away from the blackbody emission peak at this temperature.  
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Figure 1.19 a) shows the spectra of a PTE with the periodicity of 7 µm as measured at 

180, 200 and 260 o C.   

The emission bands exhibit no spectral shift over this range of temperatures as 

was expected.  On the other hand, (1,0) Ag/NAC:MoSi2 mode experiences a 100% 

increase in intensity whereas (1,1) Ag/NAC:MoSi2  and the Ag/air mode experience 

245% and 200% increases in intensity, respectively.  The peak values for (1,0) 

Ag/NAC:MoSi2 and (1,1) Ag/NAC:MoSi2 intersects at the threshold temperature of 200 o 

C as shown Figure 1.19 b).  This phenomenon was not observed for smaller 4 and 5 µm 

periodicities, simply because there was only one strong emission peak and it was always 

near the blackbody peak at temperatures between 180 to 260 o C.  

Finally, the mechanical stability of PTEs based on NAC films were tested and 

compared to that of SiO2 by bending and mechanical strain. A biaxial tensile strain was 

produced by 4 mm steel sphere and a micrometer screw similar to that was shown in a 

previous study [13]. Figure 1.20 shows optical microscope pictures after 3, 5 and 7 % 

biaxial strains were applied. As it can be seen in the top row, SiO2 starts to crack around 

3% strain.  Further strains at 5 and 7 % cause wider cracks in the PTE.  As shown in the 

bottom row, NAC shows better mechanical stability to applied mechanical strains.  Even 

at 7 % strain, the NAC based PTE has only micro-cracks.  This can be attributed to 

higher elastic modulus of NAC (200-450GPa vs. 75.2 4 GPa for SiO2) as expected [30].  
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Figure 1.20 The effect of (a) 3 %, (b) 5% and (c) 7% mechanical strain on Ag/SiO2/ 
Ag (100nm each) and of (d) 3% (e) 5% and (f) 7% on Ag/NAC/Ag (100nm each). 
 

1.9 Conclusion  

In conclusion, a narrowband (as low as ∼0.5 µm) plasmonic emission was 

obtained in NAC-based PTEs, and a plasmonic shift of slightly over 2 µm was achieved 

only by reducing the resistivity of the dielectric layer by metal doping. This technique 

offers excellent flexibility in designing and fabricating PTEs at a desired wavelength in 

mid-IR. The wavelength tuning was also demonstrated by changing the lattice constant of 

hexagonal photonic crystal for 4–7 µm, and the plasmonic emission peaks were compared 

to a blackbody curve. An enhancement in the higher-order emission modes was observed 

when periodicity was increased above 6 µm. The relation between the fundamental and 

higher order modes was studied by changing the temperature. Finally, it was 

demonstrated that high-quality NAC films helped improve the mechanical stability of 

flexible PTEs up to 7% of induced strain compared to 3% SiO2-based PTEs.  

The authors gratefully acknowledge the support of the Science Foundation of 

Arizona under the grant SBC-0305-08.  
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Chapter 2 

2 FARADAY ROTATION OF CoFe2O4-PMMA POLYMER NANOCOMPOSITE 

FILMS AT LOW TEMPERATURES 

2.1 Introduction 

Magneto optical (MO) materials are currently of great interest mainly for 

applications in optical isolators, magnetic field sensor, and satellite altitude monitors [31-

33].  The MO materials with significantly large MO activity at low temperatures have 

become a part of active field of research for their possible use for Rapid Single Flux 

Quantum (RSFQ) devices and flux visualization on superconductors.  RSFQ devices 

operate based on a single fluxon rather than static charges but these devices lack high-

speed interface between their operating temperature of T=4.2 o K and room temperature 

electronics.  MO modulators are envisioned as exciting RSFQ transducer candidate 

devices and are expected to reduce significant power consumption in cryogenic data 

transfer [34].  Another field that MO materials that find useful application in is MO flux 

imaging. MO flux imaging has been demonstrated using bismuth doped yttrium iron 

garnet (Bi:YIG) films with in-plane anisotropy and relatively thinner Eu chalcogenide 

films.  Whereas Bi:YIG films are quite thick and lack the required spatial resolution, the 

Eu chalcogenide films have limited working temperature range only up to 20 o K [35].  

Hence, materials that can be cast as thin film and exhibit high MO activity from 

cryogenic temperatures to 100 oK will be very useful for these applications. The 

benchmark materials, such as single crystal garnets involve rather expensive fabrication 
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process and difficult to incorporate in the existing circuits.  In recent years, significant 

improvements have been achieved in the development of polymer-based MO materials 

that are expected to play a key role in these fields. For instance, the MO studies of 

polythiophene derivatives and nanoparticle dispersed polymer composites showed Verdet 

constants on the order of 104 – 105 °/T.m [36]. 

In order to characterize candidate MO materials it is necessary to determine their 

MO sensitivity or Verdet constant at specific temperature and wavelength.  The Faraday 

effect manifests itself as the plane rotation of polarized light through a MO material 

provided that the external magnetic field is applied in parallel to the direction of 

propagation.  It is well known that the FR, α, is given by α = 𝑉 ∙ 𝐻 ∙ 𝐿 where α is in 

degrees, V is the temperature dependent Verdet constant with units of °/Tesla-meter, H is 

the applied magnetic field in Tesla and L is the interaction length.  Diamagnetic materials 

such as fused silica and BK7 are known to have low Verdet constants as opposed to 

ferromagnetic Bi:YIG or paramagnetic terbium doped gallium garnet (TGG) crystals [37, 

38]. 

Generally a higher value of Faraday rotation is desired for RSFQ based devices 

that can be obtained by increasing either the interaction length or the applied field, or by 

using materials with higher Verdet constant.  However, optical loss and high saturation 

fields (for ferri- or ferromagnetic materials) can limit the practicality of employing longer 

interaction lengths and higher magnetic field values respectively.  On the other hand, it is 

expected that a higher Verdet constant can overcome these problems; this can be 

achieved either by developing new materials with higher Verdet constants or by changing 
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the operating conditions for materials that are readily available. For paramagnetic 

materials, a higher Verdet constant can be achieved by reducing the temperature of the 

sample, as has been shown for TGG crystal and Hoya FR-5 glass [39, 40].  It is known 

that Verdet constant for paramagnetic systems is directly related to the magnetic response 

of materials, namely their saturation magnetization or magnetic susceptibility.  Increased 

saturation magnetization at lower temperatures was observed for superparamagnetic 

cobalt ferrite nanoparticles with 26 nm diameter [41]. Therefore, inverse relation with 

temperature for Verdet constant of cobalt ferrite particles should be expected. Cobalt 

ferrite nanoparticle composite films reported before exhibit low absorption in the visible 

and near infrared wavelengths, are easy to fabricate and show relatively high MO 

sensitivity at room temperature [42].  

In this study, an experimental setup designed for measuring the Faraday rotation 

from composite films held at cryogenic temperatures is discussed.  First, mathematical 

expressions for Faraday rotation using a standard Mueller matrix analysis are derived for 

the measurement setup.  Then this analysis was used to estimate Verdet constants of 

known diamagnetic glass materials such as BK7 and fused silica from FR measurements 

and cobalt ferrite nanoparticle composite film at various temperatures. 

 

2.2 Temperature Dependent Faraday Rotation  

Magneto-optic effect can be explained by quantum theory due to photon 

interactions with electron spins through spin-orbit interactions. Microscopically, the 

Faraday rotation is the rotation of the plane of polarized light on passing though an MO 
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active material in the presence of the longitudinal magnetic field. The strength of the 

rotation generally influenced by the strength of the magnetic field (H) applied, the optical 

path length (L) and material’s Verdet constant (V) denoted as  

 α   = 𝑉𝐻𝐿   (2.1) 

 

and shown in Figure 2.1. ((2.1) holds only at low magnetic field values well below the 

saturation magnetization values for ferrimagnetic materials. Similar to the magnetization 

curves, FR curves can also shows nonlinear characteristics with temperature and 

magnetic fields. This behavior can be attributed to magnetic field induce difference in the 

dispersions of left-handed and right-handed circular polarized light. 

 

 
Figure 2.1 Magnetic circular birefringence induced Faraday rotation of the plane 
polarized light. 
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Thus, the magneto-optic effect or the optical rotation in terms of the magnetic circular 

birefringence is given by [43]   

 α =
𝜋𝐿
𝜆   (𝑛! − 𝑛!) 

(2.2) 

 

where 𝜆 is the wavelength of the polarized light beam, 𝑛!  and 𝑛!  are the refractive 

indices of right-hand and left-hand circularly polarized light. For highly absorbing 

materials, the index of refraction n is known to be a complex quantity. Thus, the real part 

of the ((2.2) is related to the rotation of the plane of polarized light, and the complex part 

is related to the ellipticity or circular dichroic birefringence.  In general, one has to take 

into account that the index of refractions given in ((2.2) are nonlinear functions of 

magnetic field and temperature. Such effects can be seen, for paramagnetic materials 

especially, at low temperatures and large magnetic flux densities resulting in temperature 

dependent Verdet constants. The variation of Verdet constant paramagnetic terbium 

gallium garnet (TGG) was shown to have ~1/T dependence [39]. For diamagnetic 

materials, on the other hand, the Verdet constant is as nearly constant with the 

temperature and magnetic field [37].  

 

2.3 Magneto-optic (MO) Materials   

 Magneto-optical materials are known to exhibit two distinct characteristics such 

as non-reciprocity and memory function, which make them attractive for a variety of 

applications. In non-reciprocity, the time-inverse symmetry is broken which results in 

light rotation in the same direction even the time is reversed. This is the reason why 



 
 

 

58 

optical non-reciprocal devices such as optical isolators or circulators can be achieved 

only by utilizing magneto-optical materials. As for the memory function such as in 

ferromagnetic materials, the data can be memorized by means of two opposite directions 

of the residual magnetization where the reading and writing of such memory can be done 

by magneto-optical effect. MO materials can be classified into two major groups based 

on their magnetic domains. Known as spontaneous MO materials, ferromagnetic, 

antiferromagnetic or ferrimagnetic show regular magnetic domain pattern that is not 

directly related to their crystal structure [43].  

In ferromagnetic materials, each atom possesses unbalanced magnetic moments 

because of the spin of the unfilled 3d band. The strong exchange between adjacent atoms 

further enhances the magnetization, which is in turn induces a strong demagnetization 

effect favors multi-domain formation. Within one domain, all the magnetic moments 

are aligned parallel. Under the external magnetic field, an overall single domain tends to 

grow that can be maintained as long as the temperature of the sample is kept below its 

curie temperature. The curie temperature is the critical point where the material's intrinsic 

magnetic moments or domains change its direction. The 3d transition group metals such 

as Fe, Co, Ni, Mn, Cr and most of their alloys are ferromagnetic materials which have 

large FR values but highly absorbing to be utilized in device applications.  

In the antiferromagnetic materials, each magnetic atom or ion also possess an 

unbalanced magnetic moment but all in anti-parallel arrangements. The domain sizes 

cannot be controllable by external magnetic field but by stress or other induced 

anisotropies. The antiferromagnetic ordering can be maintained under the Neel 
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temperature. Type of materials: FeO, NiO, CoO as well was fluorides and chlorides like 

FeF2, CoF2 and NiF2, FeCl2 CuCl2 NiCl2.  

The third spontaneous magnetic ordering is the one that pertain to ferrites known 

as ferrimagnetism. The magnetic ions in such materials occupy two kinds of lattices 

denoted as A and B. On the site A, all the magnetic moments are parallel to each other; 

on the site B, the magnetic moments are aligned antiparallel to the ones on the site A. The 

number of ions and magnitudes of their moments are changing and therefore there is a 

net magnetization that takes place. Similar to ferromagnets, magnetic ordering the Curie 

temperature can be detected. Typical examples to these materials are CoFe2O4, MnFe2O4, 

Fe2O3 and Y3Fe5O15, GdFeO12 (garnets).  

 

2.4 Magnetic Polymer Nanocomposites 

Among the materials mentioned above, ferrimagnetic materials in the form of 

nanoparticles have gained considerable attention due to their ease of fabrication and 

integration into photonic device geometries. Their synthesis is relatively easier and cost 

effective compared to the single crystal garnet films. For example, cobalt-ferrite thin 

films have become very attractive because of their possible use in memory device 

applications. Curie temperatures on the range of 790 K for this material, however, 

requires very high intensity laser pulses for heating the bit area of the recording media. 

Fortunately, the reorientation Curie temperatures of this material can be reduced by the 

unique characteristics of nanoparticles. For example, employing 14 nm CoFe2O4 
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nanoparticles for the recording, can reduce the Curie temperature almost by half, i.e. 420 

K, which is the blocking temperature of the nanoparticles.  

Magnetic nanoparticles shows different characteristics from that of bulk or thin 

films. When the size of the particles or the size distribution are reduced below  ~20 nm, 

they become superparamagnets at room temperature followed by a spin-glass like 

transition at low temperatures. Superparamagnetism is enhanced when the particles are 

non-interacting and the thermal fluctuations (kBT) can easily overcome their reduced 

volume or size dependent magnetic anisotropy energy (KV) resulting in large magnetic 

moments with high saturation magnetization compared to paramagnetic materials, non-

hysteric M-H curves with zero remanence and coercivity. Non-hysteric behavior together 

with high saturation magnetization is highly desirable in RF and microwave magnetic 

applications as the magnetic losses are considerably reduced. The material of interest in 

this study is CoFe2O4 nanoparticles embedded in PMMA polymer matrix and its 

synthesis rout will be explained in detail later. The total magnetic moments of each NPs 

embedded in the polymer matrix can be oriented in a certain direction under intense 

magnetic. This orientation can be locked and enhanced at lower temperatures, which 

might in turn result in increased MO activity in the polymer composite films.  

 

2.5 Experimental Setup (Polarimeter) 

All the FR measurement was performed in a double-pass DC polarimeter 

apparatus built in the lab. The apparatus is shown in Figure 2.2.  The setup consists of a 
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cryogenic superconducting magnet, chambers that hold cryoliquids and vacuum, a home-

designed sample holder and optical components.  

 
 

Figure 2.2 The schematic of a polarimeter built for Faraday rotation measurements 
of magneto-optic materials at low temperatures and DC magnetic fields.  

 

A Cryo-Industries of America’s 1571 cryo-magnet was used to generate magnetic fields 

for the measurements [44]. The magnet is mounted in liquid-helium chamber is a coil 

wound with twisted multifilamentary NbTi wire in a copper matrix. The magnet can 

generate up to a 12 Tesla axial magnetic field at the center by applying max current of 80 

A.   
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Figure 2.3 a) The schematic of Cryo Industries of America’s 1571 cryo-magnetic 
system; b) NbTi superconducting magnet operating at the liquid helium 
temperature of 4.2 K.  
 

From the data provided by the vendor, the magnetic field is maximum at the central axial 

location of 0 cm and decays towards the poles of the magnet shown in Figure 2.4. 
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Figure 2.4 Relative distribution of magnetic field along the axis provided by Cryo-
Industries of America, Inc. (CIA).  
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Also, a field to current-ratio of 0.15 Tesla/A at the axial location of 0 cm was provided by 

the Cryo Industries of America given as given in Figure 2.5.  This factor was utilized to 

estimate the expected magnetic field at the sample plane which was ~ 3 cm away from 

the center of the cryomagnet.  

          
 

Figure 2.5 Magnetic field vs. current curve of NbTi superconducting magnet at 4 K 
provided by Cryo-Industries of America, Inc.  
 

A sample holder made out of copper for the FR measurements at cryogenic temperatures 

were designed with SOLIDWORS and machined in-house. A right angle mirror system 

was used for the light to couple into and out to the sample tube through an optically clear 

Mylar window at the bottom of the cryostat. The materials were carefully chosen to 

conduct heat well and provide the least amount of displacement during the cooling and 

heating process.  The parts of the sample holder are shown in Figure 2.6. The sample 

holder has an upper housing, two rings and four low magnetic brass screws of 0-80 5/16’ 

in size.  The assembled sample holder is shown in Figure 2.7. 
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Figure 2.6 Assembly of parts machined in-house from a copper rod for a sample 
holder mount; 1) upper housing for right angle prism mirrors, 2) upper and 3) 
lower rings to clamp 1x1 size sample for cooling, 4) low-magnetic brass screws 0-
80, 5) the adapter to connect the assembly to 1.5 m long sample holder stick. 
 

           
 

Figure 2.7 a) Side view of the sample holder; b) Top view of the sample holder that 
shows the right angle mirror system clearly. 

  

Two right angle mirrors (protected silver, Thorlabs, MRA05-P01) was glued to the 

ceiling of the upper cage to reflect the light back to the sample as shown in Figure 2.7 b). 
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To read temperature more accurately, a Lakeshore CERNOX 1080 temperature sensor 

was positioned 3 mm away from the sample and glued to the sample holder using 2216 

3M Scotch Weld. 

532 nm laser beam was used as the light source; two right angle mirrors at 45o 

were used to couple the laser beam to the sample tube and to the detectors.  A half-wave 

plate and Glan-Thompson polarizer combination were used to maximize intensity of the 

input linearly polarized light. Another Glan-Thompson analyzer was placed right after the 

photo-elastic modulator (PEM 100); the transmission axis of the first polarizer was 

aligned horizontal to the optical table, and the transmission axis of the second one was 

adjusted according to the orientation of the retardation axis of the PEM [45]. An aperture 

was placed before the PEM to block the scattered light along the optical path.  A 17 cm 

focal length plano-convex lens was used to keep the beam in focus in spite of mechanical 

movement of the sample holder upon heating/cooling and vibrations induced by pumping 

as shown in Figure 2.8. The Faraday rotation is measured at the second harmonic (2f) of 

PEM which is known as homodyne detection. The homodyne detection is a method of 

measuring of a signal with known frequency (2f) using a phase sensitive Lock-in 

amplifier. In this method, AC signal oscillating at the frequency of interest (2f) and DC 

signals can be detected where the polarization rotation can be extracted from the ratio of 

AC and DC amplitudes extracted from the Fourier series expansion of the light intensity. 

To detect AC and DC signals separately, two photo-detectors called as PD1, PD2 (Model 

2001, Newport) and a lock-in amplifier (SR830) was used as shown in Figure 2.8. 

Mathematical expressions that gives FR values will be derived in the next section.  
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Figure 2.8 The experimental setup showing the optical path (green), a photoleastic 
modulator (PEM), analyzer, lens, beam splitter, and photo-detectors. 
 

Generally PEM operates based on photo elastic effect where the mechanically stressed 

fused silica at a resonant frequency induced piezoelectric transducer exhibits 

birefringence proportional to the resulting strain. Most commercial PEMs have   

resonance at 50 kHz. The birefringence induced in fused silica will retard the one of the 

component of the incident polarized light more than the other, which PEM acts as a 

tunable wave plate. For quarter wave plate one component of polarized light is 

alternatively advanced or retarded by 90 o resulting in left-hand or right-hand circularly 

polarized at the peak values of the retardation amplitudes.  
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2.6 Muller Matrix Analysis 

In this section, theoretical expressions that give the FR values will be derived for 

the polarimeter introduced in the previous section. Following the geometry given in 

Figure 2.2, the intensity at the detectors can be determined from the output Stokes vector 

by multiplying the Mueller matrices of each optical element as 

 

 𝑀 = 𝑀!𝑀!"# 45! 𝑀!𝑀!"𝑀!𝑀!"𝑀!𝑀(0)   (2.3) 

 

For PEM placed at 45o after the sample known as the post-modulation detection scheme. 

Similarly, the PEM can be placed before the coupling mirrors therefore the multiplication 

in (2.3) becomes     

 𝑀 = 𝑀!𝑀!𝑀!"𝑀!𝑀!"𝑀!𝑀!"# 45! 𝑀(0)   (2.4) 

 

for the pre-modulation scheme where PEM is placed at 45o before the coupling mirrors. 

In (2.3) and (2.4), M (0) is known as the Mueller matrix for horizontally polarized light, 

𝑀! is used for reflections from an ideal mirror, M!" for Faraday rotation at angle α, M! 

for the analyzer set at an angle θ and they are given by [46]      

        

 𝑀(0) =
1
2

1 1 0
1 1 0      

0
0

0 0 0
0 0 0      

0
0

   (2.5) 
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 𝑀! =
1
0
0
0

0
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0
0

0
0
−1
0

0
0
0
−1

 (2.6) 
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   (2.7) 

 

 

 𝑀! =

1
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1

   (2.8) 

 

and for PEM at 45o 

 

  𝑀!"#(45) =
1
0
0
0

0
cos  (𝛿)
0

−sin  (𝛿)

0
0
1
0

0
sin  (𝛿)
0

cos  (𝛿)

   (2.9) 

 

where 𝛿 is the retardation induced in PEM and is given as 𝛿 = 𝐴𝑐𝑜𝑠  (2𝜋𝑓𝑡), A is the 

retardation amplitude, f is the fundamental frequency of photo-elastic modulator PEM (50 

kHz). The matrix multiplication of the matrices in (2.3) and (2.4) gives rise to output 

stokes vector where its first component is read by the photo-detectors. For post-

modulation scheme, the matrix multiplication after Fourier expansion of cos  (𝛿) gives 

rise to a signal composed of and AC (𝑈!") and DC (𝑈!") parts given in (2.10) 
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 𝐼 =
1
4 [1+ sin 2θ sin 4𝛼 + cos 2𝜃 cos 4𝛼 𝐽! 𝐴                           

− cos 2𝜃 cos  (4𝛼) 2𝐽! 𝐴 cos  (2𝜋2𝑓𝑡)]                 
(2.10) 

 

where the retardation A was set at 2.403 rad,  𝐽! 𝐴 = 2.403 ~0   and 

𝐽! 𝐴 = 2.403 ~0.43. 𝐽! and 𝐽! are known as Bessel functions of the first kind of PEM 

peak retardation for n=0, and 2. The expansion given in ((2.10) is kept at n=2 since the 

photo-detector measures the variable component of the signal in a narrow band near 2f 

(100 kHz). ((2.10) is composed of sinusoidal oscillating at 100 kHz component and a DC 

components given as 

  𝑈!" = − !
!
2𝐽!(2.403)sin(2𝜃) cos(4𝛼)               (2.11) 

  𝑈!" =
!
!
[1+   sin(2𝜃) sin(4𝛼)]             (2.12) 

 

where 𝛼 , 𝜃 , K are FR signal, analyzer set angle and an experimental constant, 

respectively. Since lock-in amplifier reads the RMS value of the AC voltage, a 

conversion factor of 2 is required to obtain the peak value of the signal. In order to 

eliminate the experimental constant of K, a ratio of AC to DC voltages is used to obtain 

an expression for the FR as 

  𝑥 𝐻 = ! !!!"
!!!"

             (2.13) 

 

where m and n are correction factors for AC and DC signals collected at two separate 

photo-detectors and given by 
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  𝑚 = 1+ !"#$%  !"  !"!
  !"!!"  !"  !"!

              (2.14) 

  𝑛 = !"#$  !  !"#$%   !"  !"!
!"#$  !  !"#$% !"  !"!

 (2.15) 

 

Typical m values, measured before each experiment using a power meter, were about 

1.12.  The n values were mainly dependent on the detector set gain set at a lower value 

(x100) to maintain linear response. So the ratio of UAC to UDC becomes  

 

  𝑥(𝐻) = − !.!" !"# !! !"#  (!!)
!!!"# !! !"#  (!!)

               (2.16) 

 

(2.16) can be further simplified by using small angle approximation cos 4𝛼 ~1  and 

sin 4𝛼 ~4𝛼  and using initial condition of faraday rotation 𝛼 = 0 when there is no field 

applied.  This approximation is accurate to within about 1% in the range of 0 to15 o. 

Hence the Faraday rotation in degrees for post-modulation scheme can be found as  

  𝛼  ~  20.26 !(!!!)
!(!)

− 1   (𝑑𝑒𝑔𝑟𝑒𝑒)             (2.17) 

 

and similarly for pre-modulation scheme as 

  𝛼  ~  23.5 𝑥 𝐻 − 𝑥(𝐻 = 0)     (𝑑𝑒𝑔𝑟𝑒𝑒)         (2.18) 

 

The analyzer set angle in the calculations above was considered as 𝜃 = 22.5  ! which is 

the most linear region of the UAC signal as shown in Figure 2.9. 



 
 

 

71 

 
 

Figure 2.9 UAC vs. the analyzer set angle before the magnet is turned on. For the 
actual measurements, the analyzer angle’s is set to the most linear region in the 
curve,  ~ 22.0 o. 
 

2.7 Detection of the Ratio UAC/UDC for Faraday Rotation Calculations 

As described in the previous section, extracting the FR from polarization 

modulation based measurements would require calculating a ratio of the amplitude of the 

Fourier series component of the light intensity function at the second harmonic (2f) of the 

photo-elastic modulator and the average of the light intensity integrated over a time 

interval much longer than the period of oscillation of the PEM (50 kHz). Such detection 

scheme is known to provide useful means such as canceling out the fluctuations in the 

output light source as well as amplifications used in the photo-detectors during the 

measurements. In order to detect UAC in the Fourier expansion, a lock-in amplifier is used 

to measure amplitudes of the UAC components of this signal collected at a photo-detector. 

The detection at the lock-in amplifier required an input reference signal, which is 
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provided by the PEM electronic head precisely synchronized with the optical signal, 

which results in an electronic voltmeter with a very narrow frequency bandwidth.  DC 

component of the signal (UDC), on the other hand, can be detected by direct electronic 

circuit or some alternating current electronic techniques involving chopping the or 

periodically interrupting of the light beam. In our measurements, we collect the DC 

signal at a separate photo-detector and read the signal at the same lock-in amplifier (SR 

232). Whether ac or dc electronic techniques are used, an arbitrary experiential constant 

might appear in the ratio of UAC/UDC. Thus, there is a need to produce an optical signal 

for which IAC/IDC is known with precision. The use of this signal will help determine an 

experimental constant, which relates the ratio of the experimental outputs to the ratio of 

the theoretical optical intensities as [47] 

 

  !!"
!!"

= 𝐾 !.!.!!"
!.!!"

           (2.19) 

 

In general, the experimental setup should be similar to the optical bench setup for the 

actual experiments. For this, UAC and UDC were measured as a function of the retardation 

amplitude of PEM from 0 to 6 rad for two different analyzer set angles (0 o) and middle 

of linear region (22.5 o) and the ratio UAC/UDC together with theoretical IAC/IDC are given 

in Figure 2.9. For this measurement, the post-modulation detection scheme was used 

without the actual sample in the optical path.  
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Figure 2.10 Uac/Udc (experimental) and Iac/Idc (calculated) vs. the PEM retardance 
for the analyzer’s set angles of 0 and ~22.5 o. 
 

As can be seen in Figure 2.10, the over all shapes look similar for UAC/UDC and IAC/IDC. 

However, the small ~0.2 rad difference between the location of theoretical Iac/Idc and 

UAC/UDC can be due to the misalignment of the coupling mirrors in the optical path. Since 

we performed the measurements at A=2.403, the experimental constant K at this value is 

of interest. In Table 2-1, the theoretical and experimental values of these ratios are given. 

As discussed earlier, most experiments were measured at the analyzer set angle of ~22.5 

o. Therefore, the experimental constant at this angle from (2.19) is found to be around 

K~1.1, suggesting of a negligibly small difference between the expected and measured 

signals. The optical power measured at a digital power meter 600 µW and 75 µW for x1 

and x100 set gain values at PD1 (AC) and PD2 (DC) detectors. 
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Table 2-1:  Theoretical and calculated ratios of IAC/IDC and UAC/UDC for the 
analyzer angle of 2, 22.5 o and PEM retardance of A=2.403. 

A=2.403 θ = 0 o / 22.5 o  

IAC/IDC 0.83 / 0.61 Theoretical 

UAC/UDC 0.97 / 0.54 Measured 

 

Unwanted polarization rotations can be expected because of the displacements in 

the nominal position of mirrors at 45! . Such displacements may depend the 

contraction/expansion due to temperature effects or the vibration induced due to the 

pumping on the sample tube and liquid helium evaporation in the chamber. The amount 

of rotation after reflections off the mirrors can be found from the Muller matrix for a 

mirror at 45o that includes the phase components due to s- and p- polarization states of 

the light. The Muller matrix for a mirror at 45 o is given by [46] 

 

 𝑀! =

1
−𝑅𝑝 + 𝑅𝑠
𝑅𝑝 + 𝑅𝑠

−𝑅𝑝 + 𝑅𝑠
𝑅𝑝 + 𝑅𝑠

1

0                                             0
0                                             0

          0                               0
0                                 0

−2 𝑅𝑠𝑅𝑝cos  (𝜖! − 𝜖!)
𝑅𝑝 + 𝑅𝑠

−2 𝑅𝑠𝑅𝑝sin  (𝜖! − 𝜖!)
𝑅𝑝 + 𝑅𝑠

−2 𝑅𝑠𝑅𝑝sin  (𝜖! − 𝜖!)
𝑅𝑝 + 𝑅𝑠

−2 𝑅𝑠𝑅𝑝cos  (𝜖! − 𝜖!)
𝑅𝑝 + 𝑅𝑠

 

  

(2.20) 

where Rs and Rp is the reflectance, 𝜖!    𝑎𝑛𝑑  𝜖!  are the phase  for the s- and p- polarized 

light, respectively. Let the input polarized light given by an input Stokes vector 
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  𝑆! =

1
cos  (2𝛾)
sin  (2𝛾)

1

 (2.21) 

 

where  𝛾 is an angle of the polarization state with respect to vertical axis (y-axis). From 

matrix multiplication, the output stokes can be obtained as 

  𝑆! = 𝑀!𝑆! (2.22) 

Then  

  𝑆! =

1− !!!!!!
!!!!!

cos  (2𝛾)
!!!!!!
!!!!!

+ cos  (2𝛾)

!! !"!#!"#  (!!!!!)
!"!!"

sin  (2𝛾)
!! !"!#!"#  (!!!!!)

!"!!"
sin  (2𝛾)

 (2.23) 

 

Then the rotation after reflection can be extracted from  

 

  𝜗 = !
!
tan!!(!!

!!
) (2.24) 

 

and hence  

  𝜗 = !
!
tan!!

!! !"!#!"#  (!!!!!)
!"!!" !"#  (!!)

!!!!!!
!!!!!

!!"#  (!!)
 2.25 

 

In the measurements setup, s-polarized light (𝛾 = 90!) was injected into the sample. The 

polarization plane rotates after the first pass through the sample due to the FR. A retro 
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reflector composed of two mirrors at 45! folds the light to the sample for the second pass 

as shown in Figure 2.11. 

 
 

Figure 2.11 Double-pass Faraday rotation scheme with a retroreflector located at 
the back an MO sample.  
 

At a small angle approximation, the misalignments in the mirrors were assumed as to be 

equivalent to the variation in the polarization state of light. So the unwanted polarization 

rotations were estimated for the incident polarized light, which is off by 3! from its 

nominal state 90! for the mirror oriented at 45!. The reflectance and the phase for s- and 

p-polarized light for aluminum mirror at 45o are known as 0.94054, 0.88461, and -

167.753, -155.505 respectively [48]. Figure 2.12 suggests that the polarization state of 

light is not preserved upon reflection off this mirror. It can rotate up to ~0.1! for total 2! 
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of variation in the polarization state of light (𝛾 = 90!) for the three mirrors in the optical 

path.  

 

 
 

Figure 2.12 The polarization rotation due to the reflections off an aluminum mirror 
vs. input linear polarization angle. 

      

2.8 Measurements and Results 

Before the FR of composite films was measured, BK7 type glasses with known 

the Verdet constant different thicknesses were used for calibration experiments. These 

measurements were also important because the actual composite films were sandwiched 

between two thin diamagnetic glass substrates.   

2.8.1 Diamagnetism Glass 

Because of the difficulty and expense in running experiment for each variable to 

investigate their effect on measurements, FR in glass samples with similar dielectric 
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constants but different thicknesses of 0.17, 0.75 and 1.5 mm were measured first.  Figure 

2.13 shows the thickness dependent FR values from two different samples. 

 

 
 

Figure 2.13 Faraday rotation (FR) measured for fused silica (0.75mm), BK7 (0.17 
mm) at room temperature using post-modulation detection scheme. 
 

As can be seen in Figure 2.13, the thicker samples resulted in higher FR values at the 

same magnetic field values. These measurements were carried out for the post-

modulation scheme. For comparison, similar experiments were performed for 0.17 mm 

thick BK7 and 0.75 mm fused silica in the pre-modulation scheme where the 

measurements are shown in Figure 2.14. The FR values shown in Figure 2.13 and 

Figure 2.14 were extracted from (2.17) and (2.18). The FR curves in both figures were 

least squares fitted to a line to determine the Verdet constant for each measurement. The 

slopes of the fitted lines were then divided by twice the thickness of sample. An example 

of fitting is shown in Figure 2.15 for 0.17 mm thick BK7 thin sample.   
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Figure 2.14 Faraday rotation (FR) measured for BK7 (0.17mm) and fused silica 
(0.75mm) using pre-modulation detection scheme. 
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Figure 2.15 Faraday rotation (FR) measured for BK7 (0.17mm) at the room 
temperature. 
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From the slope of the fitted line in Figure 2.15, the Verdet constant for 0.17 mm glass 

was found to be in the range of ~120  to 150 °/T-m in post and pre-modulation schemes. 

These values are close to the values found in the literature [37, 49]. Similarly, the Verdet 

constant for fused silica was found to be ~140  to 190 °/T-m, and for IOG is to be ~200 

°/T-m for IOG. These results showed that there is not a significant effect to the Verdet 

constant due to the birefringence in the Mylar windows as well extra rotation caused by 

mirror. Taking the phase and the reflectance due to s- and p-polarization into 

consideration in the Muller matrix for a mirror at 45 o, the total amount of rotation was 

estimated to be less than 0.1o for incident light rotated up to 2o polarization angle [50]. 

The mechanical displacement of the sample holder induced misalignment of the optical 

beam when refill of helium or when there is a high contrast between the set temperatures. 

So the optical beam had to be realigned after the temperature settled. In order to 

investigate the effect of the misalignment, IOG glass sample were cooled down and 

Faraday rotation measurements are shown in Figure 2.16 a). The Verdet constant at 

different temperatures were extracted from least squares fit to Faraday rotation curves 

shown in Figure 2.16 b). As can be seen, the Verdet constant decreases with decreasing 

temperature similar to a trend for temperature dependent Verdet constant for SiO2 shown 

elsewhere [37].  
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Figure 2.16 a) Faraday rotation for 1.5 mm thick ion exchange glass (IOG) at 56, 
120, and 293 K; b) Temperature dependent Verdet constant for ion exchange glass 
at 56, 120, and 293 K. 
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2.8.2 CoFe2O4 Nanoparticles Polymer Composite 

For this study, cobalt ferrite particles with 19.8 ± 0.24 nm diameter were 

prepared. Details of synthesis of particles, their microscopic characterization and 

spectroscopy can be found elsewhere [42]. Typically 5mL of ethylene glycol (EG) and 

25mL of hexafluorophosphate salt of 1-butyl-3-methylimidazolium (IL) were transferred 

into a 100mL round bottom flask and heated up to 325°C where a mixture of EG and IL 

was used as the solvent. A solution made of 2.7 mg of FeCl3.6H2O and 1.2mg of 

CoCl2.6H2O in another 5mL of IL was injected into the hot solvent mixture. After 

refluxing for 6hr, the resulting brown solution was cooled down to 225°C and aged at 

that temperature for another 14hr. After aging, the mixture was cooled down and diluted 

with 100 mL of deionized water. The entire solution was centrifuged at 8g and washed 

with deionized water repeatedly to remove excess ionic liquid. The particles were then 

dispersed in chloroform using Oley amine. All chemicals were purchased from Sigma-

Aldrich and were used as received without further purification. Using a UV-

photoexcitation mediated polymer shell synthesis a polybenzyl methacrylate shell was 

grown directly on the surface of nanoparticles; details of this photoexcitation method 

have been previously reported [51].  The particles were found to be coated with a 4 nm 

thick shell; the nanoparticle core polymer shell nanocomposite particles were further 

embedded in a PMMA host matrix via in-situ polymerization of PMMA in presence of 

the core-shell nanocomposite particles.  The core-shell architecture of the particles 

enables long term self-life by reducing self-aggregation and more importantly, it allows 

the particles to remain in unaggregated state during film processing. Such an arrangement 
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enables fabrication of reasonably thick composite polymer films with high optical 

transparency and low scattering. The composite films were melt-processed onto 1x1 cm 

in size and 0.17 mm thick glass substrates. And the films were covered by another 0.17 

mm glass to prevent deformation at the low temperatures. Finally, the sandwich film 

between two BK7 glass was glued to the ring using 3M 2216 B/A as shown Figure 2.17. 

 
 

Figure 2.17 A photograph of 4wt% CoFe2O4-PMMA nanocomposite sandwiched 
between two BK7 glass substrates glued to the ring. 

The sample shown in Figure 2.17 was used for FR measurements at low temperatures, 

which is 55∓ 4  𝜇𝑚 thick composite film sandwiched between two BK7 glass substrates. 

For the measurements, the sample glued to the ring shown in Figure 2.6 is mounted to 

the sample holder stick shown in Figure 2.7 and it was placed in the sample tube in at the 

center of the chamber. First, the cryostat cooled down to the lowest temperature and let 

the temperature stabilize for 1 hour. After the temperature stabilized and optical beam 

was aligned, the magnetic field was applied and measurements are recorded for that 

temperature. The current was set to zero after measurement recorded before raising 



 
 

 

84 

temperature for a next measurement. Fig. Figure 2.18 shows FR measurement at several 

temperatures for the composite film.  

 

 
Figure 2.18 FR measured for 𝟓𝟓  𝛍𝐦 thick 4 wt% CoFe2O4-PMMA composite film 
from 40 to 201 K 
 

As can be seen in Figure 2.18, higher Faraday rotations were measured as the 

temperature went down. This increase is presumably due to the paramagnetic behavior of 

nanoparticles. Also Faraday rotation started to saturate at lower applied fields as the 

temperature went down. Also, Faraday rotation is leveled off after certain applied field 

which was not seen for Faraday rotation measurements for diamagnetic glass samples as 

described previously. A common behavior observed in Faraday rotation measurements in 

most samples was a dip observed at lower field values below which the rotation was in 

the opposite direction.  This usually happens at temperatures above ~ 180 °K.  This might 

be due to the glass substrates sandwiching the films. At lower temperatures, however, this 
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was not observed and it started to saturate more rapidly faster at lower field values. 

Therefore, the measured Faraday rotation from the composite film is given in opposite 

sign to that of BK7 as shown before. 

Finally, Verdet constant of the film at various temperatures were deduced from a 

paramagnetic model of TGG glass given as 

 

  !"
!"
= 37.3883 !"#$""

!.!.!
.       (2.26) 

 

 
 𝑉 = 𝛼 !"

!"
!"
!"

!!
 (2.27) 

 

at 532 nm [39]. 

In this calculation, Faraday rotations at their saturation magnetic field values were 

used which are -2.45/0.3 o/T, -1.67/0.37 o/T, -1.36/0.42 o/T, -1.2/0.55 o/T, -0.95/0.58 o/T, 

and -0.89/0.73 o/T for the composite film. And the results are shown in Fig. 5(b). As can 

be seen in that figure, ~4x enhancement was observed for Verdet constant as temperature 

went from 201o K down to 40o K. From this estimate, Verdet constant for the composite 

film at 200 o K was found to be 3.7x103 o/T.m which is close to 1.6x103 o/T.m for 

CoFe2O4 nanowires measured at 725 nm and room temperature [52]. The difference 

might be due to the temperature difference and the dispersion of Verdet constant for 

CoFe2O4  in the visible spectrum. 
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Figure 2.19 Verdet constant calculated from the FR measurements of 𝟓𝟓  𝛍𝐦 thick 
CoFe2O4-PMMA composite film. 
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Chapter 3 

 

3 MICROWAVE DIELECTRIC PROPERTIES OF MAPTMS SOL-GEL FILMS 

FOR HIGH-SPEED ELECTRO-OPTIC DEVICES 

3.1 Introduction 

    Ever-increasing demand for high-speed communication links requires high 

speed electro-optic (EO) devices that are low cost, easy to fabricate, and have low RF 

drive voltage for efficient light modulation with applications in optical telecom, RF 

photonics links, and fiber to the home.  Lithium-niobate (LiNbO3) has been the material 

of choice in the industry for use in electro-optic modulators.  However, polymer EO 

modulators are emerging as an alternative because of several desirable properties.  Unlike 

LiNbO3, the dielectric constant of polymer EO materials is similar at microwave and 

optical frequencies resulting in a close velocity match between optical and microwave 

signals allowing for much higher frequency of operation [53-55].  

   A typical polymer EO modulator is comprised of an EO core region sandwiched 

between lower index cladding layers. Typical EO polymers have a low optical refractive 

index (~1.5 to 1.7) and require compatible cladding materials with dielectric constants 𝜀! 

around 3 for a close velocity match, and loss tangents in the range of 10-3 for low 

electrical loss operation at microwave frequencies.  Thus far, a number of viable cladding 

materials have been identified [56-58]. MAPTMS (3-(trimethoxysilyl) propyl 
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methacrylate) organically modified sol-gel films have been shown to have desirable 

optical properties such as optical loss as low as 0.5 dB/cm at 1310 nm and index tuning 

from 1.48 to 1.52 by changing the zirconium content [59].  Furthermore, when used as a 

cladding material in a modulator, sol-gel films have improved the Pockel’s coefficient of 

EO polymers by a factor of 2.5 by allowing higher poling fields without breakdown [60, 

61].  Although optical properties of sol-gels have been well studied before, their 

microwave properties of the sol-gel such as the dielectric constant and loss tangent have 

not been well characterized for suitability in high frequency EO devices.  

    This chapter investigates in detail the microwave properties of the sol-gel 

dielectric using broadband coplanar waveguide (CPW) transmission lines. The physical 

dimensions of the samples and sol-gel are described in Section 3.2 and Section 3.3. The 

sample fabrication is explained in Section 3.4. S-parameters and phase measurements for 

CPWs on the sol-gel films are given in Section 3.5. Finally, for comparison, the complex 

permittivity of the alumina is mentioned at the end. 

 

3.2 Coplanar Waveguide Electrodes on the Sol-gel Films  

    Several methods exist to characterize the microwave properties of thin 

dielectric films, including the use of ring resonators, miniature capacitors, and microstrip 

or CPW transmission lines [62-66].  In this study we use CPWs with a lower ground 

plane (shown in Figure 3.1) as they yield accurate broadband characterization results 

compared to the ring resonator and capacitor methods, have lower dispersion compared 
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to microstrip transmission lines, and are compatible with our high frequency ground-

signal-ground (GSG) probes. 

 

    
 
 

 
Figure 3.1 (a) Cross-section and  (b) perspective view of the proposed sample 
design. 

 

    As the dielectric constant of our sol-gel is known to be in the range of 2.5 – 3.2 

in the optical range, but the precise value is unknown, we have designed CPW 

transmission lines for films with dielectric constants 𝜀! of 2.5, 3.0, and 3.2 for a good 50-

Ω impedance match to our S-parameter measurement setup. The physical dimensions of 

the electrodes were designed using Agilent Technologies’ AppCAD software shown in 

Figure 3.2. 
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Figure 3.2 Agilent’s transmission line design software, AppCAD, and photo-mask 
design file. 

 

The center conductor and ground gap were chosen to be compatible with GSG probes 

[67].  The physical dimensions of the electrodes on sol-gel films for 𝜀! = 2.5, 3.0 and 3.2 

are given in Table 3-1.  

 

 Table 3-1:  Physical dimensions for three different types of CPWs designed for 
𝜺𝒓= 3.2, 3.0, and 2.5. 

𝜺𝒓 3.2 3.0 2.5 Dielectric constant 

W (µm) 53 47.3 45.4 Central conductor width 

S (µm) 80 Gap Width 

H (µm) 17 Sol-gel thickness 

 

In the design, central conductor widths (W) were determined   by taking the film 

thickness (H), ground gap (S), and conductor thickness (T) as 17 µm, 80 µm, and 3 µm, 

respectively. For impedance-match CPW transmission lines the central conductor widths 

(W) were determined to be 45.4 µm, 47.3 µm, and 53 µm for assumed dielectric 
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constants 𝜀! of 2.5, 3, and 3.2, respectively. All CPWs were designed to be 7.05 mm 

long. 

3.3 95/5 MAPTMS Sol-gel     

The sol-gel consisted of an organosilicate network of methacryloyloxy 

propyltrimethoxysilane (MAPTMS) modified with zirconium (IV) propoxide. The sol-gel 

films used in these studies use a 95/5 molar ratio of MAPTMS to zirconium (IV) 

isopropoxide. The solution was hydrolyzed with 0.1 N HCl. The sol-gel solutions were 

prepared according to previously published procedures given in Table 3-2. 

 

Table 3-2:  Synthesis route for the preparation of 95/5 MAPTMS sol-gel. 

1. Place 10 mg liquid MAPTMS into three vials with stirring magnets. 
2. Add 0.64 g of 0.1N HCl into each vial. Cap the vials, shake, and 

place them on a stirring hot plate to stir at room temperature. 
3. In a clean vial, add 3.97 g zirconium (IV) peroxide. Place on the 

stirring hot plate to stir at room temperature. 
• Add 0.655 g of methacrylic acid. 
• Add 1.12 g of this mixture into each of three vials.  

4. Add 0.18 g of HCl to each of three vials and let them stir for five 
days. 

5. After five days, evaporate 2-2.3 g of methanol to obtain desired 
thick films. 
• Heat the pre-made sol-gel at 150 oC and stir at 500 RPM. 
• Wrap the vial during the process. 

6. Spin-coat sol-gel films. 
7. To avoid hard-baking of the films at 130 oC overnight, add 0.3 g of 

Irgacure 369, photoinitiator to the sol-gel solution for UV curing. 
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The thicknesses of the sol-gel films were optimized by spin-coating the films at 

different spin speeds.  The spin curve of the sol-gel is given in Figure 3.3 for spin speed 

between 2500-3500 RPM for 45 s.  The spread cycle was 500 RPM for 5 s for all the 

films.  All the films were baked at 130 oC overnight and the thickness measurements were 

performed with Veeco’s Dektak 150 surface profiler. It should be noted that all the films 

were usually spun within one week after the solution was prepared. The thickness 

variation between samples prepared at different times was only a few micrometers.  As 

explained in Step 5, final thicknesses of the films were significantly dependent on the 

amount of evaporated methanol, which was kept around 2-2.3 grams from each vial. 

 

 
 
 

Figure 3.3 Thickness versus spin-speed curve for the hard-baked sol-gel films spun 
on bare glass substrates. 
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3.4 Fabrication 

Regular photolithography was employed to fabricate the samples. The fabrication 

steps are shown in Figure 3.4.  

 

 
 
Figure 3.4 The process flow of standard photolithography for fabrication of CPWs 
on the sol-gel films. 

 

BK7 glass substrates were metalized with Ti (30 nm)/Au (500 nm)/Ti (30 nm) as a 

ground plane using Edwards FL 400 e-beam evaporator. A double layer of sol-gel was 

then spin-coated at 3000 RPM onto the metallized substrate to get 17-µm thick sol-gel 

films. To improve adhesion between the metal electrodes and sol-gel films, a silane 

adhesion promoter was used at the sol-gel/sol-gel and sol-gel/Au interfaces. The adhesion 

layer is not supposed to have any influence on the measurements because of its low 
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thickness. In fact, the thickness of these films was not detectable by surface profile 

measurements, and visual inspection did not indicate any layer formation. For 

electroplating CPW transmission lines, a Ti (30 nm)/Au (100 nm) seed layer was e-beam 

evaporated onto the sol-gel and the CPWs were patterned using UV lithography. Finally, 

2.5-µm thick gold layers were electroplated. The seed layers were subsequently etched 

away using commercial Au and Ti etchants. The optimized parameters for these 

fabrication steps are given in Table 3-3. 

 

 

Table 3-3:  Optimized parameters of standard photolithography for fabrication of 
CPWs on the sol-gel films. 

STEPS PARAMETERS 

Back-conductor (e-beam) Ti (30nm)/Au (500nm)/Ti (30nm) on BK7 

Spin coat sol-gel  Spread: 500 rpm/5 sec 
Spin: 3000 rpm /45 sec 

Deposit seed layers for 
electroplating Ti (30nm)/Au (100nm) 

Spin coat PR for 
patterning CPWs AZ P4620  Spread: 500 rpm/10 sec 

Spin: 2000 rpm /30 sec 

Soft bake  2 min @ 110 o C on a hotplate 

Exposure 30 sec at ~10 mW/cm2 (KARL SUSS MJB3)- Contact mode 

Develop PR AZ K400: H2O (1:4) for 35 sec- Immersion 
Rinse with DI water + Dry clean with nitrogen 

Electroplate Au Technigold TG-25 ES RTU 
Current density ~ 0.5-1mA/cm2 

T=60 oC 
Stir: 500 rpm 

Etch away Au, Ti Commercial Ti Etchant TFTN, and Au etchants 
 

Both the gold-plating setup and a schematic for the plating bath are given in Figure 3.5. 

Technigold’s TG-25 ES RTU was used as plating solution [68]. For electroplating, 
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current was applied between the platinum anode and the sample cathode that was held in 

the vertical direction by a Teflon holder.  

 

 

        
 

Figure 3.5 (a) Gold-plating setup. (b) Schematic of electroplating bath. 
 

The stirring speed, temperature, and current density influence the film quality. Figure 3.6 

shows some microscope images of three films plated at different current values but with 

the same area, temperature, and stirring speed. The photoresist layer was removed before 

inspecting the films with an optical microscope. The experimental settings for plating for 

these samples are given in Table 3-4. For high current density values, the films looked 

darker as can be seen in Figure 3.6(a). However, as current density values were reduced 

down to ~1 mA/cm2, smoother films were produced as shown in Figure 3.6(b) and (c). 

So a current density of  ~1 mA/cm2 was used for plating CPWs on the sol-gel films in our 

study.	  
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Figure 3.6 Samples electroplated for current values of a) 2 mA; b) 0.8 mA, and c) 
0.4 mA and plated area of 0.95 cm2. 
 

 

Table 3-4:  Experimental parameters for 3 different samples plated at various 
current values. 

Sample Current 
(mA) 

Deposition 
Rate 

(nm/min) 

Area 
(cm2) 

Current 
density 

(mA/cm2) 

Temperature 
(o C) 

Stir speed 
(rpm) 

I 2.0 120 

0.95 

2.1 

60 500 II 0.8 70 0.84 

III 0.4 20 0.42 
 

 

3.5 Measurements 

3.5.1 95/5 MAPTMS Sol-gel Films 

In order to extract the dielectric constant and loss tangent of the sol-gel films, 

two-port S-parameters measurements were performed on CPWs from 45 MHz to 50 GHz 

using the Agilent Technologies 8510C vector network analyzer (VNA) and Picoprobe 

GSG microwave probes with 150-µm pitch, 50A-GSG-150 CS-5 [67].  A photograph of 

the sample and the S-parameter measurement setup are shown in Figure 3.7 (a).  
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Figure 3.7 a) 2-port microwave probe station for s-parameter measurement; b) 
microscope image of the probes in contact with a transmission line on the 
calibration substrate. 

An optical microscope was used to carefully place the probe tips on CPWs to 

launch the signal for measuring S-parameters. The microscope image when the probes 

are in contact is shown in Figure 3.7 (b). The probes were carefully calibrated using 

short-open-load and through structures available on CS-5 calibration substrate from the 

same manufacturer.  

Multiple CPW samples for the three designed CPWs were evaluated, with the 

number of CPWs measured being 4, 5, and 4 for 𝜀! =  3.2, 3.0, and 2.5, respectively, and 

the results were averaged.  The average values of transmission (S21) and reflection (S11) 

over these multiple samples for the CPWs are shown in Figure 3.8. As can be seen, the 

designed CPW dimensions for  𝜀! = 3.2 and 3.0 have reflection coefficients below -20 

dB, indicating the dielectric constant to be close to   these values. 
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Figure 3.8 Average transmission (S21) and reflection coefficient (S11) measured for 
7.05 mm-long CPWs designed for assumed sol-gel dielectric constant 𝜺𝒓 of 3.2, 3.0, 
and 2.5. The number of CPWs probed for each set is 4, 5, and 5 for 𝜺𝒓 3.2, 3.0, and 
2.5, respectively. 

 

The propagation constants of the ε! 3.0 and 3.2 lines can be directly related to 

transmission S21 and phase measurements 𝜑!"  since they possess lower reflection 

coefficients              

 α =   −
S!"
L!""

    
𝑑𝐵
𝑐𝑚  (3.1) 

 

         β =   −   
φ!"
L!""

  
𝑟𝑎𝑑
𝑐𝑚    3.2 

                      

Here, α, β and 𝜑!" are the attenuation constant, phase constant, and phase, respectively. 

Leff is the length of the CPW after correcting for the position of the contact probe tips; Leff 
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is found to be 0.6960 cm with an estimated error of 10 µm. The results are shown in 

Figure 3.9 (a) and (b). 

                      

 
 
 

Figure 3.9 Average: (a) attenuation constant and (b) phase for 𝜺𝒓 of 3.2 and 3.0 
CPW transmission lines on the sol-gel films with reflections below -20 dB. 
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To determine the characteristic impedance of each CPW, the effective dielectric constant 

is extracted first using the equation    

 

 
 ε! =

!!
!

!
 (3.3) 

                                                                               	  

where ω = 2πf is the angular frequency and f is the frequency in GHz, c is speed of the 

light in free space. The characteristic impedance can be obtained from 

 

  Z! =   
!"#
!!

!
!(!!)
!(!!

! )
!!(!!)
!(!!

! )

   (3.4) 

where  

  𝑘! =
!

!!!!  
   ;     k! =

!"#$ !!
!"

  !"#$ !(!!!")
!"

 (3.5) 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

and  𝑘!! = 1− 𝑘!! and 𝑘!! = 1− 𝑘!!.  The elliptic functions K in (3.4) were calculated 

using MATLAB. The average physical dimensions given in Table 3-5 were used to 

calculate the elliptic functions. All the dimensions were measured to be within 1.5-‐µm of 

their design values.  
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Table 3-5:  Average measured physical dimensions for the three different CPWs. 

𝜺𝒓 3.2 3.0 2.5 Dielectric constant 

W (µm) 53.2   55.3 58.2 Central conductor width 

S (µm) 74.8         76.5        76.5  Gap Width 

H (µm) 16.5         17.2       17.3  Sol-gel thickness 

 

Figure 3.10 shows the extracted characteristic impedance for three different CPW 

designs using ((3.4). The impedance for	  𝜀! =	  2.5 is included in Figure 3.10 to compare it 

to that for 𝜀! =	  3.0 and 3.2.   

 
 

Figure 3.10 Characteristic impedance (Zo) determined from measurements for 
CPWs with assumed sol-gel dielectric constants of 𝜺𝒓 3.2, 3.0, and 2.5. 
 

As expected, the	  𝜀! = 2.5 CPW line with the higher reflection coefficient possesses the 

lowest impedance compared to	  𝜀! =	  3.2 and 3.0. The higher characteristic impedance 

(closer to 50 Ω) found for CPWs designed for	  𝜀! = 3.0 is an indication that the dielectric 
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constant of sol-gel is closer to 3.0 than 2.5. The characteristic impedance of 42.2, 43.0, 

and 40.4 Ω at 30 GHz for 𝜀! = 3.2, 3.0 and 2.5 corresponds to reflection coefficients of 

21.5, -22.5, and -19 dB, which are in good agreement with the values in Figure 3.8. 

Only CPWs with ε! = 3.2 and 3.0 were considered in determining the dielectric 

constant of sol-gel because of their lower reflection coefficients.  The dielectric constant 

of the sol-gel can be calculated from ((3.6) using the elliptic functions and the effective 

dielectric constant of CPWs given in ((3.3) and ((3.5) 

 

  ε! =
!! !!  !(!!

! )!(!!)
!(!!)!(!!

! )
!!

! !!
! !(!!)

! !! !(!!
! )

   (3.6) 

 

Furthermore, then error in the dielectric constant due to imperfect measurements, 

variations in the thickness of the sol-gel films, and the physical dimensions of CPW can 

be expressed as  

 

 
 σ!! = a !!!

!!
+

!!!""
!

!!""!
+ b !!

!

!!
   (3.7) 

where 

 
 a = 2 1+ !

!
!!
!!

! !
;   b =    !!

!!

!
− 1

!
   (3.8) 

 

  q = ! !!!

! !!

! !!
! !!!

         (3.9) 
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for the dielectric constant. The resulting sol-gel dielectric constant and the uncertainty for 

the sol-gel films are shown in Figure 3.11 (a) and (b) and is seen to be around 3.1± 0.1 

at 35 GHz. 

 
 
 

Figure 3.11 (a) Dielectric constant of 95/5 MAPTMS sol-gel calculated from S-
parameter measurements of CPWs for 𝜺𝒓 3.2, 3.0, and 2.5. The number of probe 
CPWs was 4 and 5 for 𝜺𝒓 3.2 and 3.0, respectively. (b) Error in the dielectric 
constant.   
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To determine the loss tangent of the sol-gel films, the attenuation due to the 

conductor loss has to be considered. The attenuation constant computed from ((3.1) 

comprises the conductor loss as well as the dielectric loss. To separate out the 

contribution from the conductor loss, we use the approach in [63], which is based on the 

fact that the two loss mechanisms have different dependency on frequency. The 

conductor loss has a f dependence on frequency because of resistive losses from the 

skin depth effect [69]. The dielectric loss of the sol-gel film, on the other hand, can be 

approximated to vary linearly with frequency owing to losses from the induced 

polarization current [63, 69]. Ignoring the effects of radiation loss, the total attenuation α! 

can be considered to be equal to the sum of the dielectric (α!") and the conductor losses 

(𝛼!) as given in ((3.10)-((3.12). The	  coefficients A and B in ((3.11) and ((3.12) were 

estimated from least squares fitting of measured average total attenuation data on the 

right hand side of ((3.10)  

                                        α! = α!" + α!                                                               (3.10) 

where 

  α!" = Af             (3.11) 

 
     α! = B f               (3.12) 

 

Figure 3.12 shows the measured total attenuation constant 𝛼! and the least square fit 𝛼! 

to measured total attenuation, which are in good agreement except at low frequencies. 

The goodness of the fit for 𝛼! was mostly maintained above 0.92 for all measurements. 
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The larger deviation in the fit 𝛼! at low frequencies can be attributed to the fact that the 

conductor loss at these frequencies no longer goes as f    .  

 

 
 

Figure 3.12 Extraction of the dielectric attenuation from total the attenuation 
constant for the sol-gel substrates using a least squares fitting method for CPWs 
for 𝜺𝒓 = 3.2 and 3.0. 
 

The dielectric (𝛼!!) and conductor (𝛼!) losses estimated from coefficients A and 

B are also shown in the same figure. To compare with 𝛼!!, 𝛼!! determined from 𝛼! − 𝛼! 

is overlaid in the same figure and a good match between the two is observed. Finally, the 

effective dielectric constant of the CPWs and the dielectric constant of the sol-gel can be 

used along with the estimated dielectric loss αd2 of the sol-gel to calculate the loss tangent 

of the sol-gel using (3.13) for both ε! = 3.2 and 3.0 CPWs.  
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  tan 𝛿 = !
!".!

!!
!!
  !!!!
!!!!

  !!!
!
         (3.13) 

 

As can be seen in the Figure 3.13 (a), the average loss tangent is in the range of 3x10-3 at 

35 GHz. The error in the loss tangent expressed in ((3.13) can be derived as  

 

 
 σ!"#! = tanδ c !!!

!!
+

!!!""
!

!!""!
+ d !!

!

!!
+ e σ!!! + σ!!!

!       (3.14) 

 

where     

  c = !
!!! !       (3.15) 

  d = !
!(!!!)

!!
!!

!
       (3.16) 

and 

  e = !
!!" !       (3.17) 

  ζ = 1+ !
!

!!
!!

       (3.18) 

 

As can be seen in Figure 3.13 (b), the uncertainty in the loss tangent is in the range of 

1x10-3. 
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Figure 3.13 (a) Estimated loss tangent of 95/5 MAPTMS sol-gel. (b) Error in the 
loss tangent for the sol-gel films due measurement setup, variations in the thickness 
of the sol-gel films, and physical dimensions of CPWs. 
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3.5.2 Alumina Substrate  

Finally, alumina has been used as a reference material for this study. An 

impedance-matched CPW on a thick alumina substrate from the manufacturer of the GSG 

probe was used and it was probed up to 50 GHz [70]. The dimensions of the sample are 

given in Table 3-6.  

 

Table 3-6:  Physical dimensions for CPWs on CS5 (alumina) calibration substrate. 

W (µm) 50   Central conductor width 

S (µm) 30         Gap Width 

L (mm) 6.6         Length 

H (µm) 250 Thickness 

 

Transmission and reflection coefficients together with the phase constant from the CPW 

transmission line on the alumina substrate are shown in Figure 3.14 (a) and (b). 

Reflection coefficients lower than -20 dB in Figure 3.14 (a) indicate a good impedance 

match for the CPW transmission line.    
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Figure 3.14 (a) Transmission (S21) and reflection (S11) coefficient measured for 6.60 
mm-long CPW on alumina substrate. (b) Phase constant measured from the same 
transmission line. 
 

Due to low reflection coefficients, both the measured transmission coefficients 

and phase are related to the total attenuation and phase constants.  The dielectric constant, 

on the other hand, can be extracted from the expression given in ((3.19) [71]    
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  ε! =
!(!!!!)

!(!!
!)

!(!!)
!(!!)
!(!!

!)

       (3.19) 

 

where 

  𝑘! =
!

!!!!  
       (3.20) 

and 

  k! =
!"#$  (!!!" )

!"#$  (!(!!!!)!" )
   (3.21) 

 

and the result is shown in Figure 3.17.  

 

 
 
 

Figure 3.15 The extracted dielectric constant for the calibration substrate CS-5 
(alumina). 
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Finally, the loss tangent for the alumina is determined from the least square curve fitting 

of Eq. (3.10 to the attenuation constant as shown in Figure 3.16.  

 

 
 

Figure 3.16 Extraction of the dielectric loss from total attenuation constant for 
alumina (CS-5 calibration substrate). 
 

 

The dielectric loss and dielectric constant were used in (3.13 to determine the loss tangent 

of the alumina substrate. The result for loss tangent is shown is Figure 3.17. The 

dielectric constant and the loss tangent of alumina were found to be ~9.6 and 2x10-4, 

respectively, which are close to the values given in Ref. [72].  
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Figure 3.17 (a) Dielectric constant. (b) Loss tangent of the calibration substrate CS-
5 (alumina). 
 

3.6 Conclusion    

 In conclusion, the dielectric properties of 95/5 MAPTMS sol-gel have been 

characterized at microwave frequencies up to 50 GHz. The dielectric constant (ε!) and 

the loss tangent   (𝑡𝑎𝑛 𝛿)  were calculated to be approximately about 3.1± 0.1  and 

3± 1 𝑥10!!, respectively.  These results are very promising for applications of the sol-

gel as a cladding material in high frequency electro-optic devices.  For future work we 

plan to characterize the microwave properties of various electro-optic polymers using a 

similar approach. 
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Chapter 4 

	  

4 CONCLUSION AND OUTLOOK 

In conclusion, a narrowband (as low as ∼0.5 µm) and tunable NAC-based 

plasmonic thermal infrared emitters (PTEs) were demonstrated, and a plasmonic shift of 

slightly over 2 µm was achieved by reducing the resistivity of the dielectric for lattice 

constant of 4-7 µm. This technique offers an excellent flexibility in designing and 

fabricating PTEs at a desired wavelength in mid-IR. A possible next step could be 

developing PTEs working at ethyl alcohol fundamental absorption band around 9.6 µm. 

Also NAC can be utilized as emitting and conducting layers in PTEs in next generation 

PTEs since these structures are expected to operate at much higher temperature and 

improved mechanical robustness.  

 
Faraday rotation in in-house synthesized cobalt-ferrite polymer nanocomposites at 

cryogenic temperatures were measured and a factor ~4x improvement in the Verdet 

constant at 40 K was concluded. The results are promising and further analysis is merited 

at 4.2°K to assess the performance of this material for cryogenic magneto-optic 

modulators for supercomputers.  

 

Finally, Finally, the dielectric constant and loss tangent of MAPTMS sol-gel films 

were measured over a wide range of microwave frequencies.  The test structures were 

prepared by spin-coating sol-gel films onto metallized glass substrates.  The dielectric 
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properties of the sol-gel were probed with several different sets of coplanar waveguides 

(CPWs) electroplated onto sol-gel films.  The dielectric constant and loss-tangent of these 

films were determined to be ~3.1 and 3 ´ 10-3 at 35GHz. These results are very 

promising indicating that sol-gels are viable cladding materials for high-speed electro-

optic polymer modulators (>40GHz). For future work, we plan to characterize the 

microwave properties of various EO polymers using a similar approach. 
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