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Thermophotovoltaic (TPV) devices, also known as (nano-TPVs) are energy-

conversion systems which generate electric current from thermal radiation energy by a 

heat source. Although their conversion efficiency is limited in the far field by the 

Schockley-Queisser limit, in near field the heat flux transferred to a TPV cell can be 

significantly enchanced due to the contribution of evanescent waves, in particular 

supporting a surface mode. Unfortunately, spectral mismatch between the emitter and  the 

TPV cell spectrum limits the TPV conversion efficiency. Photons with energy lower than 

the TPV cell bandgap may not be able to create electron-hole pairs because mobile 

carriers start diffusing and drifting between conductance and valence band, and try to 

exceed the upper limit of the band. This destroys the thermal equilibrium of the 

semiconductor and results in excess heat. Also, for high energy photons, the difference 

between the photon’s energy and the bandgap energy is lost in Joule heating. Thus, 

quasimonochromatic, narrow-band and coherent emitters at a frequency near the energy 

bandgap of the converter is an ideal source to achieve high conversion efficiency. Nano-

TPV device consisting of tungsten thermal emitter, maintained at 1200K, and the cell  



 

 vii 

made of GaInAsSb are considered; thermal management system is reviewed assuming a 

constant heat flux boundary due to heat generation by the cell with a fluid temperature 

fixed at 293K. Tungsten thermal selective emitters are designed, characterized and 

optimized based on two-dimensional (2D) tungsten PhC by controlling periodic 

triangular grooves such that channel plasmon polaritons (CPPs) are coupled efficiently 

into these grooves to excite a localized groove modes which are well-matched to the 

GaInAsSb cell external quantum efficiency (EQE). The results show that power output 

and the 2D TE normal efficiency of the system are predicted to be 0.8210
4
 W/m

2
 and 

43.8%, respectively. This leads to a promising device for many different sectors such as 

military, space and semiconductor industry.  
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CHAPTER 1 

Introduction 

 

1.1 Thermal Energy Transfer 

Thermal energy is transferred by conduction, convection or radiation. 

Thermal radiation energy transfer is significantly different than conduction and 

convection heat transfer at macroscales, where dimensions are much larger than 

those for atoms and molecules. However, these three modes of thermal energy 

transfer have similar equations based on statistical thermodynamics [1]. 

The conservation of energy is applied to the analysis of energy which is 

transferred by interactions of a system with its surroundings. Most energy 

conservation analyses are based on temperature difference of objects. The general 

time-dependent energy change in a cubical element dV with a heat source  ̇ is 

 

     
  

  
    (   )    ̇                    (1.1) 

 

where k is the thermal conductivity and thermal diffusivity ( ) can be expressed   

as         . 

For a homogenous steady state system, heat conduction which yields 

Laplace’s equation within the material is written for a medium with uniform 

thermal conductivity in equation (1.2) where  ̇ is either a heat source or sink, and 

might also correspond to radiative thermal energy. 
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The left-hand side terms of energy balance equation in equation (1.2) 

depend only on the temperature derivatives. A similar analysis can also be made 

for convection energy.  

Thermal radiative energy is transmitted between the objects without 

requiring a medium between them. The total radiative energy is calculated by 

integrating all wavelengths of the electromagnetic spectrum which is illustrated in 

fig. 1.  

 

           

Figure 1. Spectrum of electromagnetic radiation [76] 

 

Thermal radiative energy propagating in any direction is expressed in 

terms of intensity such that spectral intensity of a blackbody is defined as    . It is 

determined by Planck [1] in equation (1.3): 

 

       (   )   
    

 

      (
   
   

)   
                     (1.3) 
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where co is the speed of light in vacuum, T is the absolute temperature of 

blackbody(K),  h and k are the universal Planck and Boltzmann constants, 

respectively. The spectral emissive power for a blackbody object [1] is then 

expressed: 

        (   )       (   )                   (1.4) 

 

 

Figure 2. Spectral blackbody emissive power [77] 

 

1.1.1 Fundamentals of Thermal Radiation Heat Transfer 

At high temperatures, thermal radiation heat transfer is very critical in 

many engineering applications such as electronics. For conduction and 

convection, the energy transfer between two objects depends on the temperature 

difference between them. Thermal radiation transfer depends on the difference 

between the fourth powers of their absolute temperatures [1]. Radiative transfer 

governs the temperature distribution of the sun and the spectral and directional 

nature of solar emission. Radiation transfer also does not require an intervening 



 

 4 

medium  between  two objects. It can propagate through a vacuum; on the other 

hand, conduction and convection require a medium carry out energy transfer.  

Thermal radiation transfer occurs from very chaotic thermal oscillations of 

charges inside of the media. The oscillations of electrons in metals cause the 

fluctuation of current densities which turns into electromagnetic waves, which is 

also referred as thermal radiation heat transfer [1]. There are mainly two types of 

electromagnetic waves, propagating waves and evanescent waves. Propagating 

waves propagate like sine or cosine waves from the surface of a medium to the 

free space; on the other hand, the evanescent waves are formed at the boundary of 

the two media which have different wave properties and they decay exponentially 

from the surface. 

 

1.2 Near-Field Thermal Radiative Heat Transfer 

Far field radiative thermal energy transfer transfer can be analyzed by 

Planck’s law and Kirchoff’s law [1]. Also, far-field thermal radiative heat flux 

between two plates is predicted by Stefan-Boltzman law which is known as 

(T1
4
-T2

4
) where ≈5.67*10

-8
 J/m

2
sK

4
, the Stefan-Boltzmann constant, and T1 

and T2 are the temperatures of the two media, respectively. However, these laws 

are only applicable when d >> (T), where d is the distance between the two 

bodies and (T) is the characteristic wavelength of thermal radiation which can be 

calculated from Wien’s law [1]. As d is decreasing and shorter than T, d << (T), 

far field applications and ray optics are no longer valid to obtain energy transfer 

between two bodies. So, near-field effects become important and the near-field 

regime has been modelled by Polder and V. Hove [2] based on Rytov’s 

electromagnetic description of thermal energy [3, 4]. To understand the near-field 
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regime, Maxwell’s equations, in which the electromagnetic waves are taken into 

account, are to be solved. Basu, Francoeur have reviewed recently the near-field 

thermal radiative heat transfer considered as an energy transfer via 

electromagnetic waves in general. 

Thermal generation of propagating electromagnetic waves, which carry 

energy, are transferred from one body to another, resulting in a net energy 

transfer. Evanescent waves are another type of electromagnetic waves and can 

enhance the energy transfer.  Evanescent waves propagate along the interface and 

decay exponentially from the surface about a wavelength normal to the 

interface, as shown in Fig. 3.1(a). It can also be seen in Fig. 3.1(a) that no net 

energy transfer is radiated from the interface in the absence of a structure 

interacting with the evanescent field. In Fig. 3.1(b), a net energy transfer occurs 

between the two media due to tunneling of the evanescent wave [80]. The 

evanescent wave contributes to the energy transfer because of interaction with 

nearby structures. Also, in Fig. 3.1(c), interaction of a structure with an 

evanescent wave excites the charges within the particle which results in radiating 

the energy away from the surface.  

 

 

Figure 3. (a) Evanescent wave at the  interface. (b)Tunneling of an 

evanescent wave. (c) Scattering of an evanescent wave by particle.  
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Therefore, thermal radiative energy can be refined based on definition of 

two regimes of radiative heat transfer. In far-field regime; in other words, bodies 

that are separated by distances greater than the characteristic wavelength of 

thermal radiation (d >> (T)), and only propagating electromagnetic waves 

provides the radiative heat transfer since evanescent waves decay exponentially 

over a distance of On the other hand, a part of the thermal energy is transferred 

by evanescent waves in the near field regime (d << (T)), when the structure 

excites these modes away from a surface that is separated by sub-wavelength 

distances. In the near field regime, radiative thermal energy transfer can exceed 

several orders of magnitude greater than between blackbodies due to evanescent 

waves [80]. 

Cravalho et al [5] investigated the near field energy transfer between two 

dielectrics separated by a vacuum gap to understand the effect of radiative energy 

transfer through evanescent waves and the contribution of interference. They 

investigated only the total internal reflection which leads to evanescent waves; 

however, parallel wavevectors which bound to the surface with additional 

evanescent waves also contribute thermal radiation heat transfer. Loomis and 

Maris [6] predicted the near field energy transfer between two dielectric materials 

whose dielectric functions were predicted by the Drude model. They observed the 

evanescent wave contribution to thermal heat transfer in near field regime. Pendry 

[7] measured the radiative exchange of heat between nanostructures by explaining 

the wave vectors as channels of radiative transfer and  introduced the relationship 

between  real and imaginary parts of reflection coefficients of the two emitting 

media. Mulet et al. [8] were the first to explain the near field heat transfer 

between dielectrics supporting surface phonon-polaritons (SPhPs) in near field 
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thermal radiation dominated by the contribution of evanescent waves which leads 

to quasi-monochromatic energy exchanges. Greffet et al. [9] investigated 

selectively emitting thermal radiation in the far field by using spatial coherence of 

surface phonon-polaritons (SPhPs).  Francoeur et al. [10] measured the near field 

heat transfer flux via surface phonon polaritons (SPP) coupling in thin films. They 

concluded that the radiative flux for nanometric emitters due to coupling of 

surface phonon polaritons inside the film is 2.2 times larger than the for a bulk 

emitter. The total flux is increased by a factor of 3.3 if a dielectric is coated with 

SiC film which has practical interests for near-field thermophotovoltaic devices. 

Fu. et al. [11] investigated the near-field heat transfer between doped Si media at 

different doping levels and different temperatures. The calculated results show 

that doping levels strongly affect the near-field radiation heat flux when the two 

media are separated at nanometer distances. They also showed that the large 

enhancement can be seen for materials supporting resonance such as surface 

phonon polariton or surface plasmon polariton. At a distance of 1 nm between two 

Si media, they measured the radiation energy flux which is five orders of 

magnitude greater than that between two blackbodies. Hence, the predicted  

radiation energy flux can be more than ten times larger than the conduction heat 

flux of air, and the radiation heat transfer coefficient can be around or even 

exceed 1MWm
-2

K
-1

. P. Ben-Abdallah. et al. [12] derived an expression for the net 

radiative heat flux exchanged between any couple of films throughout a vacuum 

gap of arbitrary thickness. When the vacuum gap decreases, the influence of film 

thickness on the energy transfer diminishes because of the reduction in the 

penetration depth of the evanescent waves. Furthermore, they observed two 

distinct thermal behaviors depending on the film thickness and on the symmetry 
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degree of the system. For a symmetric system, hybridization of antisymmetric and 

symmetric SPP enhances to two spectrally separated channels for heat exchange. 

When the symmetry; however, is broken cross coupling at separation distance 

between antisymmetric and symmetric modes radically affects heat exchanges. 

Basu et al. [13] improved the dielectric function model of heavily doped Si (10
18

 

cm
-3

 to 10
21

 cm
-3

) to investigate near-field radiative energy transfer near room 

temperature. The ranges of  and  for different doping levels that dominate the 

heat transfer are demonstrated. They concluded that the energy transfer is not 

necessarily enhanced with increasing the doping level for Si. Mulet et al. [14] 

investigated the near field heat transfer using the fluctuation-dissipation theorem 

between a particle and a semi-infinite plane medium which were both selected as 

SiC, separated by a vacuum separation distance d, dominated by the contribution 

of tunneling waves. It was seen that near field heat transfer changes by d
-3

. 

Volokitin et al. [15] analyzed the near field radiative heat transfer between two 

spherical particles under proximity limit approximation. Chapius et al. [16] 

studied the near and far field radiative heat transfer between two nanoparticles. 

They concluded that electric dipole-dipole interaction for identical dielectric 

particles and magnetic dipole-dipole interaction for identical metallic particles 

dominate the heat transfer between two nanoparticles. Also, they observed that  

near-field heat radiative heat flux depends on d
-6

 for both metallic and dielectric 

particles. Narayanaswamy et al. [17] investigated the near-field heat transfer 

between two spheres by nondimensionalizing the sphere radius with respect to the 

vacuum gap and wavelength. They studied a more general formulation by 

constructing a regime map to show different solution techniques. Biehs et al. [18] 

investigated the near field heat flux and local density of states (LDOS) or the 
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spectral energy density  between a metallic nanosphere and a semi-infinite 

surface. 

 

1.2.1 Maxwell’s Equations  

Maxwell’s equations are set of partial differential equations that are used 

to solve the electromagnetic waves due to fluctuations of current density. 

Maxwell’s equations describe how magnetic and electric fields propagate, interact 

and are altered by charges and currents. Maxwell’s set of partial differential 

equations can be written as divergence and curl equations, respectively shown in 

eqn. (1.5). 

 

              

                   (1.5) 

                       
  

  
 

         
  

  
     

 

where D is the displacement field,   is the charge density, B is the magnetic 

induction, E is the electric field, H is the magnetic field, and J is the current 

density. The constitutive relations relate flux density to polarization of a medium 

between D and E, and B and H can be written as in eqn. (1.6) and (1.7), 

 

                     ( )                            (1.6)  

 

                                                   (1.7) 
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where P is the electric polarization vector, and expressed as P=      and     is a 

dimensionless quantity called the electric susceptibility,   =permittivity of free 

space=8.854 10
-12

 F/m and    is the relative permittivity. M is the magnetic 

polarization vector,  
 
=permeability of vacuum space=1.2566 10

-6
 H/m and  

 
 

is the relative permeability. 

The boundary conditions of the Maxwell equations are applied at the 

interface of two media to account for the discontinuity of the material properties. 

At an interface of free surface current and charge density, the boundary conditions 

for media 1 and 2 can be expressed as [23], 

 

                                 ̂  (     )                                      (1.8) 

              ̂  (     )                                     (1.9) 

                         ̂  (     )                                      (1.10) 

                    ̂  (     )                                           (1.11) 

 

where eqn. (1.10) and (1.11) are related with the continuity of the tangential 

components of the electric and magnetic at the interface 1 and 2. However, eqn. 

(1.8) and (1.9) ensure the continuity of the normal components of magnetic field 

and electric field. 

 

                            

                         (1.12) 
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The time harmonic Maxwell equations can be written by modifying the 

equation (1.5) in the form of phasor representation, 

 (       )    { (     )     }. Hence, the time harmonic Maxwell equations 

can be expressed as in equation (1.12). Modifying and substituting the curl 

equations into equation (1.12) yields on 

 

                                                        (1.13) 

 

Eqn. (1.13) gives the response of field E to the current density J. In order to solve 

eqn. (1.13), dyadic Green’s function method is used. 

 

1.2.2 Dyadic Green’s Function  

Tsang et al. [26] expressed the derivation of the dyadic Green’s function 

which relates the vector electromagnetic field to the vector current source. 

Electric and magnetic fields are a convolution of the dyadic Green’s function with 

current source density. 

 

 

Figure 4. Demonstration of Green’s Function,  ⃡(r,r’).  ⃡(r,r’) provides the 

electric field at the field point r due to a single point current source j at the current 

source point r’. 
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The induced electric and magnetic fields can be expressed in the 

frequency domain with the assistance of dyadic Green’s function  ̿(      ) due 

to the fluctuation density as a volume of integration which is shown in figure 4. 

 

E(r, )      ∫  ̿
 

(      )   (    )                             (1.14) 

 

H(r, )  ∫     ̿
 

(      )   (    )                                          (1.15) 

 

J(r, )  ∫   
 

(    )   (    )                                (1.16) 

 

Substituting equation (1.14) and (1.15) into equation (1.13) gives 

 

      ̿(    )     ̿(    )    (    )                (1.17) 

 

The dyadic Green’s function is basically the solution of the equation 

(1.17). It is a spatial function between a resultant electric field E at r, and a 

current source j at a location r’. Francoeur and Menguc (2008) have conducted 

detailed discussions about the solutions. 

 

1.2.3 Fluctuation-Dissipation Theorem (FDT) 

There is no object at finite temperature that can be in thermal equilibrium 

in free space due to the fact that fluctuations of charge and current in the materials 

have dissipation via radiation. Equilibrium can only be achieved with radiation by 

confining the radiation into a finite space. In many cases; however, the objects 

can be examined to be close to the equilibrium and linear response theory can 
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explain the non-equilibrium behavior. The fluctuation-dissipation theorem (FDT) 

is the most important theorem in this regime. It is used to relate the rate of energy 

dissipation in a non-equilibrium system to the fluctuations which occur 

spontaneously at different times in equilibrium systems. The fluctuation-

dissipation theorem is derived by applying Fermi’s Golden Rule and evaluating 

quantum correlation functions [23]. 

 

   (   )  
 (    )           

 

   
    ( )  (   )

 
                   

 

                                    
    ( )  (   )

 
    (    )                    (1.18) 

 

 (   ) is the mean energy of the Planck oscillator and defined at frequency   

and in thermal equilibrium T such that, 

 

             (   )= 
  

 
 

  

   (      )  
                                                   (1.19) 

 

where    is the Boltzmann constant,  =h/2π is the Planck’s constant. The   /2 is 

necessary in the Casimir force calculation and implies the zero-point energy. 

However, it cancels in the net radiative heat flux calculation, and may be 

neglected.       

Thermal near-fields affect both the spectral energy density of the emitted 

radiation and its spatial coherence. The electric-field cross-spectral density tensor 

Wjk is defined for a measure for spatial coherence as [23], 

 

              (   
  ) (    )      ̂ (   )  ̂ (    )                      (1.20) 
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Greffet and Carminati evaluated the      near sufaces for different materials, and  

observed that an opaque material which doesn’t support a surface mode such as 

tungsten can have a spatial coherence length much smaller than the definition of 

coherence length of blackbody radiation, On the other hand, materials such as 

silver which support near surface modes, the coherence length can much larger 

than several tenths of   

 

1.2.4 Finite –Difference Time-Domain Method (FDTD) 

One of the most favorable electromagnetic simulation methods due to 

being simple, able to handle complex geometries, and the ability to simulate near 

field regime is the finite-difference time-domain (FDTD) method. The finite-

difference time-domain method (FDTD) is a numerical analysis technique used 

for solving a wide variety of problems in electromagnetic such as Maxwell’s 

equations. It was first proposed by Yee [19]. The FDTD method is both 

conceptually and in terms of implementation, be able to tackle a wide range of 

problems accurately. However, the accuracy is contingent upon the 

implementation of the artifacts as in all numerical methods. The FDTD method is 

generally computationally expensive and is not an unconditionally stable 

numerical method. While modeling of nano-scale optical materials by FDTD, it is 

essential to know and implement the conditions for a numerically stable 

simulation. Indeed, there is a variety of FDTD algorithms and ways to implement 

the boundary conditions, each of them has both advantages and disadvantages 

[24]. Hence, it is crucial to know the parameters which contribute to the stability 

of FDTD simulation for an implementing algorithm. 
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1.2.4.1The Yee Algorithm 

The Yee algorithm employs a second-order central difference 

approximation to the space and time partial derivatives by defining quantities only 

at the points demonstrated in figure 5. 

 

 

Figure 5. Yee Grid Cell [81] 

 

The resulting finite-difference equations are solved in a leap frog manner 

which means that E and H field are not calculated in the same time step 

simultaneously. The electric field vector components are solved at a given time in 

a volume of space; then the magnetic field vector components are solved at the 

next instant time in the same spatial volume. The process is repeated until the 

desired electromagnetic field behavior such as transient or steady-state is fully 

evolved. The basic Yee cell algorithm replaces the differential formula of 

Maxwell curl equations with finite difference formulas. The time dependent 

Maxwell’s curl equations in free space are given by, 
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  (       )

  
                   (1.21) 

 

         
  (       )

  
                             (1.22) 

 

where E is the electric field value and H is the magnetic field value, respectively. 

The curl equations can be written in a set of equations of six field components in 

x,y and z directions, 
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Let  (       )   (               )    (     ) where f(x,y,z,t) 

represents one of the electric or magnetic field components. Central difference 

approximations can be expressed as, 
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By discretizing the electric and magnetic field components in the time and 

space domain as in shown figure 5 and taking Ex as an example, equation (1.24) 

can be written as, 

 

  
   (         )    

 (         )

  
 

 

 
  

  
 
 (        

 
 
  )    
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Equation (1.26) shows the difference formula for Ex. Other components 

Ey, Ez, Hx, Hy,Hz can also be represented in the similar form. 

 

 

(1.25) 

(1.26) 
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1.2.4.2 Boundary Conditions and Numerical Dispersion 

Since there will be undefined E, H values at the edges of the simulation 

mesh, these values need to be enforced at the boundary. For instance, if the values 

are chosen 0, reflection occurs and this leads to ruin the simulation [79]. Hence, 

perfectly matched layer (PML) [24] is chosen for the absorbing boundary layer 

[79]. Although, the PML makes the FDTD code computationally expensive, it 

provides a very strong absorption of incident waves at the boundary layers. 

Periodic boundary conditions are very useful for periodic or array type 

structures. By using periodic boundary layer in one cell, the whole set of periodic 

structures result’s can be obtained. Bloch boundary conditions are used to enforce 

the phase change of oblique plane waves [79]. 

Numerical stability is very important and always desired to be minimized 

or eliminated in the numerical solution of any differential equations. A. Taflove et 

al. [20] showed that each cell size must be at least ten times smaller than the 

shortest wavelength which is expected to propagate in the computational domain 

to restrict the amount of numerical dispersion. Moreover, if smaller cell size is 

used, numerical dispersion could be restricted further. However, if too small cell 

size is used, the number of cells are increased to fill the computational domain 

which makes it computationally expensive. Hence, it is important to know the 

limit of    and    to maximize the accuracy. To have stable FDTD simulations, 

the time increment,   , has to satify the given relationship in eqn (1.27) which is 

also known as Courant-Freidrichs-Lewy (CFL) Stability criterion [20]. 
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where c is the speed of light,        and    a denote the space increments. 

 

1.2.4.3 Mesh Refinement 

Mesh refinements can provide sub-cell accuracy from a simulation. There 

are various options and it is essential to choose the appropriate one for the 

simulation. Staircasing is one of the methods that the material is evaluated to 

determine which materials it is in the Yee cell and the E field at the corresponding 

location. The resulting discretized structure coincides with the Cartesian mesh. 

Moreover, any layers are shifted or moved to the nearest E field position on the 

Yee cell which means that the layer thickness is not resolved to better than   .        

 Conformal Mesh Technology (CMT) uses the Maxwell’s equations in a 

rigorous physical description near interfaces between two materials which can 

handle arbitrary dispersive media [48]. It is possible to run jobs much faster and 

this provides greater accuracy for a specified mesh size. The dielectric volume 

average method can handle only interfaces between one or more dielectric 

materials in a Yee cell. It is calculated by dividing the cell into NxN subcells in 

2D and NxNxN subcells in 3D where N denotes the meshing refinement value. 

Yu-Mittra method is to provide greater accuracy when modeling perfect 

electrical conductor (PEC) with dielectric interfaces [79]. This method uses 

Faraday’s Induction Law to update the magnetic field on time and Yu-Mittra 

method disposes of the electric field within the Perfect Electric Conductors 
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(PEC). If more than two materials are found in a single cell, the method returns to 

Staircasing method for that cell [20]. 

 

 

      Figure 6. Yu-Mittra method for PEC 

 

1.2.5 Near Field Heat Transfer between parallel plates 

Fluctuational electrodynamics is the theoretical foundation to analyze the 

thermal radiative heat transfer between two parallel plates [25]. Thermal radiation 

occurs from random thermal fluctuations of volume charge densities and these 

fluctuations generate electromagnetic waves which carry the momentum and 

energy. Fluctuation-dissipation theorem (FDT) is applied to relate the fluctuating 

densities to the local temperature of the emitting media. After obtaining the 

fluctuation current densities, Maxwell’s equations are solved to calculate the 

electromagnetic waves for the near field regime behavior. 
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Figure 7. Near Field radiative heat transfer between 

              two plates by a vacuum gap d, at temperatures T1 and T2 [25]. 

 

Basu et al. [25] analyzed the thermal energy transfer between the two plates as in 

shown fig. 7 such that each plate is semi-infinite, has infinite optical thickness and 

is non magnetic and isotropic. The spectral energy transfer per unit area    ” is 

expressed as 
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In eqn. (1.29) and (1.30), the first term on the right-hand side shows the 

contribution of s polarization or TE wave, whereas the second term refers to the 

contribution of p polarization or TM wave.  Also,    
  and    

  are the Fresnel 

reflection coefficients at the interface between vacuum and medium j, which j is 1 

or 2, for s and p polarization, respectively. The far-field reflectivity at the 

interface between vacuum and medim j is shown by     |   |
 
 [25]. 

 

1.2.6 Near Field Heat Transfer in multilayered media 

Dyadic Green’s function has been used for calculating the thermal 

emission from multilayered media [26]. Currently, it is being investigated for 

near- field TPV systems and near-field energy transfer between bodies with thin 

film coatings [27, 28]. 

 

Figure 8. Multilayered thin-film structure [25]. 
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The dyadic Green’s function between any two layers are given by 
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where 
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     (        ) ̂ 
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                 (         ) ̂ 
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 .  

Here s denotes a source layer and   is the receiving layer. Also,  ̂   and  ̂  

denote two unit vectors, which are expressed as  ̂ 
   ̂ 

   ̂   ̂ for TE wave 

and  ̂ 
  (  ̂     ̂)    for TM wave, respectively. The coefficients A,B,C 

and D in  ( ) expression can be found using the transfer matrix formulation [25 

29]. 

 

1.3Objectives 

The objective of this thesis is to design and optimize the 

thermophotovoltaic (TPV) systems using near field thermal radiative heat transfer 

at nano scale-distances to achieve high efficiency conversion. To do that, 

selective thermal emitters are characterized such  that it emits at the near bandgap 

of the TPV cell for narrowband coherent thermal energy transfer. 

 

1.4Organization of Thesis 

Chapter 2 introduces the theoretical background of near field thermal energy 

conversion. Chapter 3 presents the design and optimization of selective thermal 

emitters. Chapter 4 presents the nano-thermophotovoltaic (TPV) power 

generation: control of heat dissipation and cooling solutions and TPV system 

performance.  
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CHAPTER 2 

Near Field Thermal Energy Conversion 

 

2.1 Dispersive Media 

 In chapter 1, time-harmonic Maxwell’s equations are discussed. Modifying 

equation (1.12), general electromagnetic wave equation can be expressed as in (2.1), 

 

 

                         
   

   
 

  

  

   

   
                                        (2.1) 

  

where    
 

      
 and refractive index is defined by   

  

 
 √   √    ,    is 

the speed of the light in vacuum. 

 If equation (1.32) is substituted into general phasor representation which is 

 (   )    { (   )    (        )}, the dispersion relation is obtained. The 

general relation is defined as    
  

  
   and shown in figure 9. 

 

  

   Figure 9. Dispersion relation  
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Dispersive behavior can be caused by materials and structural properties. Hence, 

it is essential to understand the behavior of the material’s frequency dependence before 

building structures. 

 

 

  Figure 10. Materials and structural induced frequency dependence [23] 

 

2.2 Dielectric Response of Matter 

 Transparent materials can be described by a purely real refractive index n; 

however, absorbing materials can be described by a complex-valued n,          

     due to the loss in the material. Hence, it follows that    
 

 
(      )   (  

 
 

 
).  Here,   denotes the travelling wave and 

 

 
 is the decay term. It can also be expressed 

as,   
 

 
       where n’ act as a regular refractive index and     

 

 
        

where   is the absorption coefficient [23].  

 When discussing microscopic origin of optical effects,      and      are mostly 

used from the inter relationships of   √  . From this relationship, it can be shown that 

    (  )  (   )  and            . In general, n and   notations are used very often 

instead of n’ and n” , respectively. 
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The polarization is also linearly related to the electric field for thermal radiation 

which can be shown as in equation (2.2), 

 

  (   )      (   ) (   )                                            (2.2) 

  

where    (   ) is the electric susceptibility of the medium and    is the permittivity of 

vacuum.   (   ) also depends on microscopic structure of the medium. It was shown 

from (1.6) that the electric displacement vector D can be expressed as 

 

     (   )   ( ) (   )                                                     (2.3) 

 

The relative permittivity or dielectric function  ( ) of the medium is expressed as 

 ( )    (    ( )) in equation (2.3). 

 

2.2.1 Drude Model 

The Drude model explains the frequency-dependent conductivity of metals and 

some semiconductors. Electrons are free at the outermost orbits to move with the external 

electric field. The dielectric function of a metal which is related to the conductivity is 

modeled by [30], 

                                                     

                        ( )  (    )      ( )  
  
 

  
  

  
 

   
                                   (2.4) 

where     ( ) denotes the bound electrons, the rest terms depict the free electrons.    is 

the plasma frequency and expressed as:    √
  

    
 √

   

    
  where   is the relaxation 

time( inverse of scattering rate),    is the dc conductivity. 
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 When     ,    becomes negative. Hence, at very low frequencies, the real 

part of dielectric function is much smaller than imaginary part which leads that it can be 

assumed    . Metals become very reflective in the infrared and visible regions in 

general.  

 

2.2.2 Lorentz Model 

 Lorentz model is developed for dielectric materials [25]. Unlike metals, the 

electrons can’t move freely because they are bound to molecules at the outermost orbits. 

Bound charges create a restoring force defined by the spring constant. Lorentz model is 

defined as, 

 

    ( )    ( )  ∑
    
 

  
          

 
                    (2.5) 

 

where     ,   ,    are the plasma frequency, resonance frequency, and the relaxation 

time of jth oscillator, respectively. Moreover,    denotes the high-frequency 

contributions. 

 When      or     , it can be seen from equation (2.5) the extinction 

coefficient becomes negligible and that makes the dielectrics completely transparent. 

Also, when      , the radiation rate inside the structure is quickly dissipated and that 

makes the dielectric highly reflective. 

 

2.2.3 Lorentz- Drude Model 

 Lorentz-Drude model is suggested for metal/dielectric systems and the model has 

the combined effects from bound and free electrons. The model is defined in eqn. (2.6) 
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    ( )   ̂ 
( ) ( )   ̂ 

( ) ( )                 (2.6) 

 

where  ( ) is the relative permittivity or dielectric function which is written as the 

summation of intraband band part,  ̂ 
( ) ( ), referred to as free-electron effects and  

interband part,  ̂ 
( ) ( ), referred to as bound-electron effects 
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                           (2.8) 

 

where   is the plasma frequency, k is the number of oscillations with frequency    , 

strength   , oscillator strength   , damping constant   and lifetime 1/   while the plasma 

frequency    √    . The Lorentz- Drude model parameters for different materials 

are given by [49].  

 

2.3 Surface Plasmon Polaritons (SPP) 

 In chapter 2.1, dispersion relation is discussed. From Maxwell’s equations and the 

boundary conditions, dispersion relation can also be expressed for the surface plasmon 

polariton (SPP) as a relation between the wavevector along the propagation direction and 

angular frequency  , 

 

                      
  

    

     

  

  
                    (2.9) 

where   is the interface wave vector that propagates along the interface. Complex 

parallel wavenumber can be written as       
     

  . The real part   
  determines the 
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surface plasmon polaritons (SPP) wavelength, whereas the imaginary part   
   implies the 

damping of the SPP as it propagates along the interface. In metals, due to the fact that 

|  |  |   |, the real and imaginary parts of    can be expressed from (2.9) 
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For the SPP wavelength, it can be obtained in formal agreement with eqn. (2.9), 

 

         
  

  
  √

  
    

  
    

                                             (2.12) 

where   is the wavelength of the excitation light in vacuum.  

 The propagation length of the SPP along the interface is determined by   
   and it 

is responsible for an exponential damping of the electric field amplitude. Ohmic losses 

which results in a heating of the metal cause this damping.  

 

          Figure 11. Dispersion relation of surface-plasmon for dielectric-metal boundaries 

  

The general surface plasmon polariton (SPP) dispersion curve is shown in figure 

12. It can be seen that the SPP dispersion curve becomes asymptotic to the ωspp (surface 
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plasmon frequency) at very large kx where the real part of the dielectric constant of the 

metal is equal but opposite sign to the dielectric function of dielectric.   

 

 

     Figure 12. General SPP dispersion curve 

 

 It can be seen that from figure 12, when the SPP dispersion curve approaches to 

the light line at small kx but still larger than it, the SPP can’t transform into light which 

implies that it becomes nonradiative. That is why the SPP might not be excited without 

some coupling on a metal/dielectric interface. Also, when ω> ωp the wavevector ky 

becomes real which indicates that it is no longer a trapped surface wave. 

 

2.3.1 Excitation of surface plasmon polaritons (SPP) 

 To excite surface plasmon polaritons (SPP), both energy and momentum 

conservation have to be satisfied. This can be done by analyzing the dispersion relation of 

surface waves. As it can be seen from figure 12 that the SPP dispersion curve lies entirely 

below that of free space light in dielectric, such that  >k. There are some techniques such 
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as prism coupling, excitation using highly focused optical beams, near-field excitation, 

coupling to integrated photonic elements and grating coupling to achieve excitation of 

SPPs [23].  

 

2.3.1.1 Grating Coupling 

 When the surface is not smooth or rough, coupling between surface and bulk 

polaritons can take place. The mismatch in wave vector between the in-plane momentum 

         of impinging photons and   which denotes the travelling wave can overcome 

by means of diffraction effects at a grating pattern on the metal surface. Due to the fact 

that a rough surface corresponds to a superposition of a number of different gratings, the 

physics underlying the coupling of SPPs to bulk polaritons at a rough interface is indeed 

the same as via a single corrugation. 

  

 

Figure 13. Grating coupling of a light with wave vector k  

on a metal grating surface of period ᴧ. 

  

For a one-dimensional grating of grooves with period ᴧ is shown in figure 13. 

Phase-matching takes place when the condition is satisfied:            where         

G = 
  

 
  is the reciprocal lattice vector of the grating and n=1,2,3,4..  
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Incident radiation at an angle θ can scatter from the grating which leads to 

increase or decrease the component of its wave vector by integer multiplies of the 

reciprocal lattice vector and this gives rise to diffracted orders. When a diffracted order 

has a wave vector greater than the grating incident grazing radiation in metal medium, it 

will not propagate and becomes evanescent. The enhanced momentum of this evanescent 

fields might couple radiation to the SPP. If the gratings are sufficiently deep, significant 

changes to the SPP dispersion relations occur because the modulation can no longer be 

treated as a small perturbation. As it is discussed before      √
    

     

 

 
 is defined in 

figure 13. Hence, strong coupling occurs when                  .   

 

 

Figure 14. Graphic representation of  dispersion curve for grating coupled SPPs.  

 

 

2.4Applications of near-field thermal energy  

 Near-field thermal energy has been employed to convert energy of any thermal 

source into electrical energy. Variety of applications such as thermoelectric, fuel cell, 



 

 33 

lithium-ion battery and thermophotovoltaic (TPV) have been proposed for an energy 

conversion. W. Chan conducted some research about thermoelectric, fuel cells and 

lithium-ion battery in his thesis below.  

Thermoelectrics are sandwiched between a hot and cold reservoir. They produce 

electricity directly from temperature difference or gradient by Seebeck effect. When there 

is a temperature gradient, a voltage develops at the two ends of the junctions. A higher 

electrical conductivity leads to higher efficiency due to the fact that less power is being 

lost to Joule heating. Also, it is preferred to be chosen lower thermal conductivity which 

means less heat can leak from hot to cold side of the junctions to get high temperature 

difference between the junctions [82]. 

Fuel cells produce electricity from an oxidation-reduction reaction occurring at 

two electrodes which are the negative anode and positive cathode. Electrons are moving 

through cathode from anode. In a fuel cell the reactants to generate heat source are 

supplied externally [82]. 

In the lithium-ion battery, Li
+
 ions move from one lithium at the anode to another 

one at the cathode. During discharge, electrons also move through the load. To be 

generated voltage, the two lithium compounds need to have different electrochemical 

potentials [82]. 

Our motivation in this thesis is to build a high energy density, small scale, static 

power source. Although many applications such as thermoelectric, fuel cells and lithium-

ion battery offer a high energy density, their large size is a big challenge for the 

application on medical, military and space sector as portable systems. 

Thermophotovoltaics (TPV) have been offered with highly promising key figures such as 

efficiency, output power and power density.  
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2.4.1Description of Thermophotovoltaic (TPV) energy conversion  

 Thermophotovoltaics (TPVs) are classified as static energy converters which 

convert thermal radiation energy into electricity by means of photovoltaic (PV) cells. 

Basically, Thermophotovoltaic (TPV) device has an emitter, a spectral control component 

and a photovoltaic (PV) cell as shown in figure 15(b). The emitter converts heat into 

radiation which is selectively filtered by a spectral control component. Part of this 

radiation is reflected back and the rest of it is transmitted to the PV cell. The PV cell 

converts the transmitted photons into charge carriers when these photons have energies 

near the PV diode bandgap. 

 

 

Figure 15. TPV applications in various fields (a) Satellite applications  

(b) Electronic chip or circuit applications [36]. 

 

Although Thermophotovoltaics (TPV) have been suffered from low conversion 

efficiencies due to either not being converted heat source spectrally effective or  lack of 

high efficient semiconductors. However, there have been  recently significant 
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advancements in the areas of low-bandgap semiconductor materials ( InGaAs, InGaAsSb, 

GaSb) which lead to a viable power conversion technology for many space, military and 

commercial applications. Hence, it has recently been investigated to design and 

characterize selective emitter which enhances significantly the TPV system conversion 

efficiency.  
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CHAPTER 3 

Design and Optimization of Selective Thermal Emitters 

 

Selective thermal emitters have been a crucial research topic in near field energy 

conversion devices [31]. In some applications, the ideal emitter radiates only in a specific 

frequency range. Tailoring the thermal radiation with 1-D, 2-D or 3-D photonic crystals 

has been of interest recently due to providing a great framework for thermal energy 

conversion. One of the recent applications using photonic crystals for thermal radiation 

shaping devices are low- temperature, stable, high-efficient thermophotovoltaic systems. 

Celanovic et al [32] investigated two-dimensional (2D) tungsten photonic crystals (PhC) 

as selective thermal emitters. They designed a selective infrared thermal radiation source 

by using the photonic band gap of a 2D tungsten PhC, which shows close to blackbody 

emittance near the band gap wavelength and a sharp cutoff above the band gap 

wavelengths. They also presented the experimental results of the optical characterization 

of three fabricated prototypes that shows good agreement with simulation results. 

Wu et al [33] investigated broad-band radiation absorption with selective narrow-

band thermal IR by showing the coupling to a photovoltaic (PV) cell for power 

generation. As a plasmonic material, tungsten which has a low reflectivity refractory 

metal was used and  it was demonstrated that the SANTE film is highly absorbing in the 

visible range and highly reflecting in the infrared range. STPV efficiency for emitter 

temperature at T=2300 K achieves an efficiency above 40% which exceeds the Shockley-

Queisser limit.  

Chen et al [34] investigated complex tungsten gratings for thermophotovoltaic 

radiators. They designed short-period simple gratings and a long-period simple grating in 

order to excite the surface plasmon polaritons (SPP) coupled with grating 
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microstructures. When the emittance is low, it reduces the radiative thermal energy on 

TPV cells by low-energy photons at longer wavelengths. The emittance distribution was 

designed such that the complex grating exhibits a wide emittance peak within the 

wavelength region of interest but very low emittance at long wavelengths. According to 

the results, the short- period grating provides flat dispersion curve and the long- period 

simple grating provides multiple intersections with light lines. So, it was demonstrated 

that the SPP excitation for TM waves enhances emittance for TPV application between 

0.8 and 1.7 µm. Complex gratings with different heights are also discussed in the paper. 

Although designing square or rectangular gratings seems practical, the fabrication 

process is not easy and may induce high error relative to FDTD results [35]. This was 

identified as a drawback in Chen et al [34].  

Rinnerbauer et al [36] discussed the use of  high-temperature photonic crystals for       

energy conversion. It was shown that 2D metallic photonic crystals can be designed to 

efficiently tailor the spectral and angular emission, which is essential to obtaining highly 

efficient thermophotovoltaics (TPV) based on high-temperature nanoscale photonic 

materials. They used a square array of cylindrical cavities with period a, radius r, and 

depth d etched into a substrate to achieve the enhanced emissivity by coupling into 

resonant electromagnetic modes of the cavity. They concluded that the cut-off 

wavelength is given by the mode of the cylindrical metallic cavity; hence, radiation with 

wavelengths shorter than the fundamental cylindrical mode of the cavity, enhanced 

absorption is observed. Furthermore, since there are no modes to couple at longer 

wavelengths, the cut-off wavelength was tailored by selecting r, d and a. The maximum 

emissivity was found when Qrad and Qabs of the photonic crystal cavity resonances [36] 

are perfectly matched. It was observed that the radiation transfer is undercoupled to the 

cavity modes and free space radiation does not propagate the cavity for Qrad > Qabs. On 
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the other hand, cavity resonances are overcoupled with free space radiation for Qabs > 

Qrad. Hence, Q-matching can be analyzed by optimizing the cavity parameters radius (r) 

and depth (d). It has also been shown that period (a) effects the emissivity significantly 

only at wavelengths close or smaller than the periodicity. 

 

3.1 Tungsten photonic crystal selective emitter 

Previous studies have shown that using materials with a high melting point, 

resistance to corrosion and low thermal expansion as a selective emitter improve the 

conversion efficiency of the thermophotovoltaic (TPV) systems when the periodic 

structure patterns are controlled [37]. In fact, when the total emittance which is the 

integral of the product of emissivity and  the spectral emittance of a blackbody emissivity 

is tailored to support spatially localized resonances, power density as well as electric 

power generation can be improved.  

Rectangular and circular periodic patterns have been investigated [34, 32] and 

showed high emittance near the bandgap wavelength and relatively sharp cut off for 

wavelength above the bandgap. Unfortunately, it’s been demonstrated that the fabrication 

and controlling the periodicity for 3D design of these patterns is a challenge. 

In this thesis, tungsten is selected in order to sustain high temperature and be used 

as thermal source with high resistance to corrosion, as the material for the complex 

grating structure, consisting of triangular grooves arranged in a 2D periodic array. 

Tungsten is also used very often in infrared plasmonics due to its compatibility with 

complementary metal-oxide-semiconductor (CMOS) processes. It has been investigated 

to show that it supports a number of resonances with a low-frequency cut off in each 

groove. The radiator operating temperature is designed to be 1200K. The spectral 

emittance of radiators should be high at wavelengths between 0.7 and 2.28 µm, where 
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GaInAsSb TPV cells, which have 0.54 eV bandgap corresponding to 2.28 µm 

wavelength, have high external quantum efficiency [38, 39, 40]. The high emittance 

peaks can be generated either by excitation of surface plasmon polaritons (SPP) or the 

cavity resonance modes. 2D triangular groove gratings can excite SPP so that the 

emittance has a peak, which can also be tailored by the surface profile such as arranging 

the periodicity. On the other hand, the grooves should be deep to get multiple peaks or 

broadband peak. Due to the fact that depth can bring difficulty in microfabrication, the 

SPP mechanism is more appropriate to obtain high emittance. 

SPPs are coupled and localized electromagnetic waves which propagate along the 

interface between two different media due to oscillations of charge-density [41]. The EM 

field can be greatly enhanced near the interface which yields a strong absorption within 

the narrow spectral band [42]. In other words, the emittance increases steeply because 

according to Kirchoff’s law, the directional-spectral emittance is the same as the 

absorptance.  

Throughout this work, it is assumed that the media are homogenous, 

nonmagnetic, isotropic and expressed by a frequency-dependent dielectric function for 

realistic tungsten given by Lorentz-Drude permittivity model in equations (2.6-2.8). The 

relative permittivity relation can be also described by the optical constants of the material 

[49] which are given by  

 

  ( )=(n +iK)
2
=  ( )      ( )        (3.1) 

 

where n is the refractive index, K is the extinction coefficient of tungsten;   ( ) and 

   ( ) are the real and imaginary part of relative permittivity of tungsten, respectively. 
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 Fig 16. Dielectric function of tungsten,  ( ), vs. frequency ( ). 

 

Since the real part of  ( ),   ( ), has both positive and negative values for 

tungsten as it can be seen from fig .16, the solutions for surface plasmon polariton (SPP) 

and bulk waves are valid only when   ( )<0 and   ( )>0, respectively. The general 

dispersion relationship is shown in the following figure 17. 
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  Fig 17. General dispersion relation of tungsten.  

 

3.1.1 Modelling Approach 

In nano-optics and nano-photonics, the major directions of research are to 

investigate strongly localized plasmons in metallic nanostructures. There have been 

different metallic nanostructures considered for the development of efficient 

subwavelength plasmonic waveguides. The effect of dielectric filling in a V groove on 

the propagation of parameters of channel plasmon-polariton (CPP) modes shows the 

existence of CPP modes and results in great improvement of the field localization near 

the groove tip [43]. Hence, this thesis is based on a triangular groove design on a metal 

surface for a spectrally selective emitters that can greatly increase the conversion 

efficiency of the thermophotovoltaic (TPV) devices. 
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Fig 18. Schematic of a 2D tungsten grating for a wave incident from air at an incident 

angle θ, where k is the wavevector, H is the magnetic field, and E is the electric field. 

The geometry of the complex grating is determined by its period (ᴧ), groove height (h), 

base length (δ) and thickness (t). 

 

Fig.18  shows that a wave with wavevector k is incident on a 2D tungsten grating. 

The wavevector can be decomposed along the x- and z-axis into two components, kx and 

kz, respectively. The magnetic field H is parallel to the triangular grooves and oscillates 

perpendicular to the plane of incidence. The geometry of the complex grating can be 

depicted by its fig. 18 and groove angle ( can also be defined as 2*atan (δ/ 2h). 

The conditions for adiabatic nanofocusing of plasmons in the groove are satisfied  

if the groove angle  is sufficiently small [44]. In other words, no significant plasmon 

reflections occur in the adiabatic regime of nanofocusing [45, 46]. Hence, the localization 

of CPP modes would be infinite and CPP modes do not exist [45]. On the other hand, if 

the conditions for adiabatic nanofocusing are not satisfied, CPP modes exist which leads 

to the reflection from the tip of the groove. Consequently, the adiabatic nanofocusing and 

existence of CPP modes in a triangular groove are antagonistic to each other. 
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 Adiabatic nanofocusing in metallic triangular grooves occurs when upper is 

satisfied. This also means that CPP modes can exist in triangular groove only if 

upper=-2 d/   where  d is the dielectric of permittivity in the groove, and    is the real 

part of the metal permittivity [45]. Hence, the gap plasmon can cause reflections from the 

tip of the triangular groove and thus can be guided by the groove.   

Since channel plasmon polariton  (CPP) modes which are guided by a groove on a 

metal surface have a substantial impact on dispersion, localization, and dissipation, it is 

reasonable to expect that well designed triangular or V grooves can be coupled to 

electromagnetic waves more efficiently [59]. It has been analytically shown that 

existence of CPP modes depend on the lower and upper critical groove angle of a V 

groove [45].  

 

3.1.2Design Criterions for Selective Emitter  

Tailoring the cutoff mode through geometrical modification of the PhC W 

triangular groove parameters, provides the freedom to design a selective thermal emitter 

with a precisely adjusted spectral cutoff which matches the particular design 

specifications. In this thesis, the radiator operating temperature is chosen to be 1200K. 

Also, a GaInAsSb TPV cell is chosen, which has 0.54 eV bandgap and an equivalent 

wavelength   (c ) of 2.28 µm. Thermal photons with energies high above the electronic 

bandgap of the TPV cell destroys the thermal equilibrium in the cell  due to the fact that 

mobile carriers start diffusing and drifting between conductance and valence band, thus 

results in excess heat [74]. 

 To minimize the waste heat from the thermophotovoltaic cell to achieve much 

higher conversion efficiency, we suggest designing the ideal selective emitter as 
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     ()     for     [2.28] µm 

              (3.2) 

      ()     otherwise 

 

Furthermore, it has been shown that narrow-band coherent thermal emitters have 

increased the radiated power and the performance of thermophotovoltaic device 

[47].Hence, designing narrow-band coherent thermal emitters exhibiting directional, 

wavelength, polarization selectivity with emissivity close to that of a blackbody is the 

scope of this thesis. 

 

3.2 Simulation Setup for Modeling Thermal Analysis 

As discussed in chapter 1, the finite-difference time-domain (FDTD) is a 

numerical analysis technique used for solving Maxwell’s equations. Hence, Lumerical, 

Inc. software [48] is used to solve Maxwell’s equations. The plane light source which has 

normal wave incident (θ=0) and TM polarization is irradiated on 2D tungsten grating 

surface from 1000 nm distance. Also, the wavelength range is set to (0.7, 6) µm for 

characterization of the 1200 K blackbody heat source. The boundary conditions are 

imposed on 2D tungsten grating such that periodic boundary condition is applied on x 

direction by controlling (ᴧ) and perfectly matched layer (PML) is set on z direction as 

depicted in fig 19.  
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Fig 19. Finite Difference Time Domain (FDTD) simulation and 

optimization set-up region to solve Maxwell’s equations  

 

Minimum mesh step is set to 0.00025 µm and the time step is taken 0.95 which is 

also called dt stability factor to make the simulation stable [48]. Mesh refinement is 

chosen using the conformal variant to have a better convergence since tungsten which is a 

metal is considered in our design [48]. 

 

 

Fig 20. Mesh Settings 

 

The most accurate way to determine the spectral absorptivity of 2D tungsten 

complex grating is through solving the Maxwell’s equations to resolve the local EM field.  
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The spectral absorptivity of the 2D tungsten complex grating is calculated numerically by 

using the divergence of the Poynting vector: 

 

 ()   ∫ (
 


)

 

| |       

 

where |E|
2
 is the electric power,     is the imaginary part of the permittivity of tungsten 

grating (W), and V is the volume of integration for tungsten grating. Hence, emittance 

can be found according to Kirchoff’s law which is ε()= ().  

Hence, FDTD simulations have been performed to determine the lower and upper 

critical groove angle ( of a triangular or V groove tungsten by fixing the base length (δ) 

and varying the groove height (h) as shown in fig. 21 The period (ᴧ) is also set to 1 µm 

as it is shown in fig. 21 for three different groove heights and t is chosen 0.1 µm. For 

simulation purposes, tungsten optical properties are used from ref. 49. The triangular 

groove is illuminated with a normally incident plane wave and the spectral reflectance  

R() is calculated which is related to the emittance E() through Kirchoff’s law as 

E()=1- R() [Since the 2D tungsten grating is opaque, thus the transmittance T()=0]. 

It has been seen from fig. 21 that while groove height (h) is increasing from t to 

4t; in other words, the groove angle (is decreasing from  to 28the plasmons in 

metallic nanostructures have been localized strongly and triangular grooves are coupled 

to electromagnetic waves, which leads to a high emittance at a specific wavelength. 

 

 

(3.3) 
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Fig 21. Simulated normal emittance spectra for flat tungsten (W) and three periodic 2D 

PhC W triangular groove in the x direction, which have the following parameters: 2D W 

PhC I: h =t=0.1 µm, δ=0.2 µm, ᴧ=1 µm, 2D W PhC II: h =2t=0.2 µm, δ=0.2 µm, ᴧ=1 

µm, 2D W PhC III:   h =4t=0.4 µm, δ=0.2 µm, ᴧ=1 µm.  

 

 Sharp cutoff above the wavelength where it reaches the highest emittance can 

also be observed clearly from fig. 21 for  2D W PhC II and 2D W PhC III where the 

groove angle (is around 53 and 28, respectively. Hence Cpp modes exist strongly 

within the 53 and 28 range which can also be defined as lower <   <  upper  [55, 57]. 

Indeed, the lower groove angle (can be less than 28 ; but due to the fabrication 

process for a specified thickness (0.8 µm in our case), the critical height is chosen 0.4 µm 

which gives the groove angle( 28 Also, the permittivity of dielectric  d is constant 1 

because of the assumption that the surroundings are air. 
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3.2.1 Description of modelling analysis and simulation results 

A triangular groove has been shown to be a promising design for a selective 

emitter due to providing a high peak at a specific wavelength and a narrow-band 

coherency. Since we have a GaInAsSb TPV cell, which has 0.54 eV bandgap and an 

equivalent wavelength (c) of 2.28 µm. From fig. 21, it has been shown that a critical 

height range is important due to the existence of CPP modes, as well as ease of 

fabrication. Period (ᴧ) is analyzed to obtain our goal by fixing  groove height (h), base 

length (δ) and thickness (t) as shown in fig. 22. 

 

 

            

Figure 22. Tungsten complex gratings formed with the same thickness and groove 

properties: (I) short-period (ᴧ=0.5µm); (II) medium-period (ᴧ=1µm); (III) long-period 

(ᴧ=3µm)  
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Figure 23. Tungsten complex gratings formed by same thickness and groove properties: 

(I) short-period (ᴧ=0.5µm); (II) medium-period (ᴧ=1µm); (III) long-period (ᴧ=3µm)  

 

Spectral emittance results for three samples are shown in fig. 23 and tabulated  in 

table 1. It can be seen from fig. 23 that all three designs exhibit cutoff at the resonant 

wavelength. However, it can be seen that period (ᴧ) is a key parameter to tailor the 

radiation properties for the desired application. Hence, period (ᴧ) can be optimized with 

the thickness (t) of the tungsten complex grating to obtain desired cut-off.  

 

Tungsten 

Complex 

Gratings 

Groove height 

(h) 

Base length 

(δ) 

Thickness 

(t) 

Period 

(ᴧ) 

cut-off 

I 0.4µm 0.2µm 0.8µm 0.5µm 1.75µm 

II 0.4µm 0.2µm 0.8µm 1µm 2µm 

III 0.4µm 0.2µm 0.8µm 3µm 3.08µm 

Table 1. Simulated cutoff frequencies and properties for three different tungsten complex 

geometries 
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3.3 Optimization of complex gratings 

At the beginning of chapter 3, it was shown in detail that a substantial part of the 

incident radiative energy is not converted to electricity. This leads to waste of energy and 

thus decreases the performance of TPV devices. Hence, the design criteria is given by 

(3.2) for a selective emitter emitting in a narrow spectral band around the peak maximum 

wavelength peak. 

 

3.3.1 Definition of the Problem  

Since a structure with certain emissivity and reflectivity is investigated, the 

following objective function, which is also called Fitness (F), is to be minimized: 

  

  ∑∫ ∫         

    

    

  

   

(   )            
 (   )                   

 ∑∫ ∫         

    

    

  

   

(   )            
 (   )       

 

where P is so-called swarm which is composed of a set of particle P={p1, p2, ..pk } [51]. 

        and         are the desired emissivity and reflectivity;   and  are those of the 

optimized structure. The discrete sum incorporates the thermal radiation polarization 

states. An inverse problem where the period (ᴧ), thickness (t), groove height (h) and base 

length (δ) are unknown is solved. Stochastic optimization methods can be used to deal 

with such unknown number problems.  

Drevillon et al. [50] used optimization to solve 1D multilayer structures composed 

of a few dozen unknowns. Some of these quite complex structures have been simplified 

and the number of unknowns to be solved is reduced down to two. Drevillon et al. [51] 

 (3.4) 
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proved the feasibility of solving such simple 1D multilayer selective emitters. Nefzaoui et 

al. [52] used a systematic method and simplified the problem based on particle swarm 

optimization.  

 

3.3.2 Particle Swarm Optimization (PSO) 

Particle swarm optimization is a population based stochastic optimization 

technique [53], and has been widely been used for different kinds of optimization 

problems which include nanophotonic design [54]. In Particle Swarm Optimization 

(PSO), a random population of N particles which are also called potential solutions are 

initially generated and then moved in the parameter search space to reach an optimum. At 

each step of their movement, the emissivity and reflectance of each particle is determined 

by means of transfer matrix construction [23]. These properties are then compared to the 

target structure properties which is given in equation 3.2. Each particle’s position xi and 

velocity vi are updated after comparison of the nearest s particle’s positions (s  N) in the 

search space which is then updated at each iteration. The best position is the position 

which minimizes F. The detailed algorithm follows in the given order, illustrated in fig 

24. 
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Fig 24. The steps of Particle Swarm Optimization 

 

3.3.3Results and Discussion 

 The geometry can be parametrized for the inverse problem where the period (ᴧ), 

thickness (t), groove height (h) and base length (δ) are unknowns. So, the geometry 

vector can be  written in the following: x=[ ᴧ, t, h,  δ ]. The triangular groove properties 

[55, 56, 57, 58] are explained in detail in modeling approach section and adjusted such 

that  (h, δ)=(0.4, 0.2) µm. Also, the search regions for optimum geometry vector (x) are 

constrained by lower and upper bounds: 0.5 µm  ᴧ  2 µm and 0.5 µm  t  2 µm. The 

lower bound of 2D tungsten grating thickness is adjusted to 0.5 µm which needs to be at 

least 25% more than the groove height (h) for the feasibility of fabrication. Hence, the 

geometry vector becomes: x=[ ᴧ, t, 0.4,  0.2 ] µm. 

The Finite Difference Time Domain (FDTD) simulations are run in Lumerical 

FDTD software to solve the Maxwell’s equations [48]. After solving Maxwell’s 
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equations for the defined geometry, Particle Swarm Optimization is applied to obtain the 

target emissivity as given in eqn. (3.2) by minimizing the objective function (F) described 

in eqn (3.4).     

  Numerical values of inverse optimization solutions are given by x=[ 1.92, 0.97, 

0.4,  0.2 ] µm, so that the optimized values are period (ᴧ)=1.92 µm and thickness 

(t)=0.97 µm.  

 

 

Fig 25. Figure of merit vs. number of generation  

 

 As it can be from fig. 25, the figure of merit reaches to 9.1*10
-4

 after 20 

generations using Particle Swarm Optimization (PSO). 

 

Fig 26. Period (ᴧ), thickness (t) vs  (µm) 
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 As it can be seen from fig. 26, at the designed wavelength cut =2.28 µm , the 

emissivity () changes from 0 to 1 and then 0 for the optimized period (ᴧ) and thickness 

(t); indeed, it behaves as a  peak function which satisfy the design criteria mentioned by 

(3.2). Another interesting result is that the thickness (t) only weakly affects the  cut as 

well as the peak value of emissivity. It is considered the minimum value in this 

optimization. As it can be seen from fig. 26 that thickness (t) could also be chosen in the 

range of  2 µm  t  0.97 µm according to size of the system. 
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3.4 Thermal emission and design in 2-D periodic triangular groove tungsten               

 According to Kirchhoff’s law, for an object in thermal equilibrium with the 

surrounding, its emissivity and absorptivity are equal for every direction and frequency. 

Hence, to study thermal emission from an object, the absorptivity spectrum can be 

determined. Furthermore, for the purpose of developing an instinctive understanding of 

physics behind thermal emission, it is helpful to consider in terms of absorption rather 

than emission. 

 

   

 

 Fig.27 Schematic illustrating the geometry of a typical system. 

 

Fig.27 is a schematic illustrating the geometry of a typical system under 

investigation. Due to the fact that there is a mirror symmetry of the system in a plane 

perperdicular to x and y, the modes of system can be separated to transverse electric (TE) 

and transverse magnetic (TM) modes with respect to the mirror plane. So, x-polarized 

modes do not mix with y- polarized modes as a result of this symmetry. Thus, these two 

two polarization modes are analyzed separately. Also, when the distance between the 

quasimonochromatic source and the cell is placed to 10-50 nm (in the near field), It is 

shown that TE modes contribute 5-10% of total energy spectrum [75] and the frequency 
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spectrum of TE modes shift to lower frequency region, and create no peak. Thus, this 

modes are no longer be useful for generating current on cell. Consequently, in this thesis, 

only TM modes which contributes dominantly to the generation of the plasmon polaritons 

[34] are considered.  

 

 

Figure 28 (a) 2D complex tungsten grating (b) Schematic of 3D view of complex 

tungsten grating (c) Simulated emittance for complex tungsten grating (PhC) 

model which has a peak wavelength (peak) at 2.28 µm. 

 

Fig. 28 shows the simulated emittance for an optimized complex tungsten grating 

design. It can be seen from fig. 28 (c) that the emittance changes from 0.55 to 0.11within 

the range of 0.7 µm to 2 µm. This might either contribute to the electron transitions on 

the GaInAsSb TPV cell or cause a waste of heat for <2.28 µm. Thus, thermal 
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management and cooling strategies need to be considered. This will be discussed in the 

next chapter. 

Hence, total thermal emissive power can be measured by using Stefan-Boltzmann 

Law [1] 

 

                       ∫ ∫ ∫     (     )    ( )    ( )     
   

   
  

  

 

 

 
                  (3.8) 

  

Spectral emissive power is shown in fig. 29 for an optimized PhC tungsten model 

at temperature 1200K. The spectral emissive power for 1200K blackbody is found by 

calculating the area under the curve shown as fig. 29 and found as 9.6110
4
 W/m

2
. 

Similarly, selective emitter emissive power is calculated as 1.8710
4
 W/m

2
. 

 

 

Figure 29. Thermal emission spectrum for an optimized PhC model or complex 

tungsten grating at temperature 1200K 
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Figure 30. Electric (E) and Magnetic field (H) distribution along the period length 

on x direction (  ) for an optimized period (ᴧ)=1.92 µm vs wavelength ()  

 

 

   

 Figure 31.Guided modes in the V-grooves at various wavelengths 

(a)Shorter wavelength (≈1.5µm)  (b)CPP coupling (peak≈2.28µm)  

(c)  ≈2.7 µm>peak  (d) Longer wavelength ≈5µm 
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 From fig. 30 it can be observed that both electric (E) and magnetic (H) field reach 

a maximum value at  peak =2.28 µm without any significant changes along the period 

length on x direction (  ). This proves that on resonance where peak =2.28 µm, surface 

plasmons are coupled efficiently into the groove to excite a localized groove modes [59]. 

In other words, the higher intensity at peak =2.28 µm due to stronger confinement of the 

propagating plasmon modes inside of the narrow grooves which are also known as 

channel plasmon polaritons (CPPs) [55,56,57]. Also, fig. 31 shows the guided modes in 

the V-grooves. 
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Chapter 4: Nano-Thermophotovoltaic ( TPV) Power Generation 

 

4.1Thermal and mechanical analysis of high-efficient TPV systems 

Thermophotovoltaics (TPVs) are classified as static energy converters which 

convert thermal radiation energy into electricity by means of photovoltaic (PV) cells 

which are discussed in detail in previous chapters. In chapter 3, thermal selective emitters 

based on two-dimensional (2D) PhC tungsten as well as three-dimensional (3D) is 

designed. It is showed that controlled periodic patterning can be used as selective thermal 

emitters that are well-matched to thermophotovoltaic (TPV) cell diode of the system to 

achieve high efficient thermophotovoltaic (TPV) conversion. 

 

 

   Figure 32.Basic TPV conversion system 

  

 The temperature of the thermal source is typically in the range of 1000-1500K, so 

that the bandgap of TPV cell is in the near infrared. Recent advances have also led to a 

great interest in low-band semiconductors in TPV system. A thermophotovoltaic (TPV) 

cell is a p-n junction of semiconductor which converts the electromagnetic energy into 
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electricity from a high-temperature thermal source. TPV energy conversion has many 

advantages over other heat conversion systems, because the absence of moving parts 

leads to low noise, low thermal-mechanical stresses and portability. Thermal 

management is applied to decrease the waste heat. In some applications, waste heat could 

be reprocessed. Hence, it is essential to develop TPV systems which have both high 

output electric power and conversion efficiency. The flux of electron-hole pairs leads to 

the output electric power and this is given by the net flux of incident photons with an 

energy higher than the bandgap of cell. When the thermal source is located in the far field 

of the TPV converter, the output electric power is limited by the source temperature. 

However, this limit no longer exists when the source is located in the near field of the 

TPV cell. It has also been discussed in chapter 1 that this thermal energy could be 

enhanced by decreasing the distance between the cell and the source to a characteristic 

wavelength of radiation. This effect is due to the contribution of the evanescent fields 

into the energy transfer. In fact, approaching a thermal source in the near field of a TPV 

cell increases the photogeneration current of the cell. A model of a near-field 

thermophotovoltaic (TPV) conversion system is shown in figure 32.  

 Spectral mismatch between the emitter and the TPV cell spectrum limits the TPV 

converter efficiency. Photons with energy lower than the TPV cell bandgap may not be 

able to create electron-hole pairs because mobile carriers start diffusing and drifting 

between conductance to valence band and try to exceed the upper limit of the band. This 

destroys the thermal equilibrium of the semiconductor and results in excess heat [74].  

Also, for high energy photons, the difference between photons energy and the bandgap 

energy is lost in Joule heating. Thus, quasimonochromatic source at a frequency near the 

energy bandgap is designed as an ideal source. 
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4.1.1 Heat Transport in TPV Cells 

 TPV cells can be designed to be a few micrometers thick; hence, Fourier’s law 

can be applicable. The one-dimensional steady-state energy equation with heat generation 

in TPV cell is given by : 

  

                                             
       ( )

   
  ( )           (4.1) 

 

where k (W/mK) is the local temperature dependent thermal conductivity and  Q(x) is the 

local heat generation rate and can be expressed as several sources or losses,  

 

           Q(x)=-Sr(x)+QT(x)+QNRR(x)                   (4.2) 

 

where Sr(x) is the local total radiative heat source term,  QT(x) shows the quasi-

instantaneous thermalization of carriers to the band gap level (release of excess energy) 

and  QNRR(x) is due to the non-radiative recombinations of minority carriers [68]. Sr(x) is 

determined using the solution of the near-field thermal radiation problem in eqn (4.3). 

 

   

 Sr(x)= ∫ (  
   

 
   

    ) [
 
    (   )

          
    (   )

          

  (   )  
]        (4.3) 

 

where the term within the square brackets imply the net radiation power, which is 

multiplied by the sum of the absorption coefficients due to free    
   and lattice   

     

carriers [68]. If the absorption by the free carriers and the lattice is assumed negligible for 

EEg, eqn. (4.3) becomes 
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 Sr(x) ∫ [
 
    (   )

          
    (   )

          

  (   )
]   

  

 
      (4.4) 

 

where     is the frequency corresponding the bandgap of the TPV cell. 

 When radiation absorbed by the cell with E>Eg a portion of the excess energy is 

converted into heat. This term, QT(x) is called thermalization and measured by [68]: 

 

QT(x)=∫   
  [

 
    (   )

   

  (   )  
]

 

  
(  

  
(  )

 

)         (4.5) 

 

If the absorption by the free carriers and the lattice is assumed negligible for EEg, the 

absorption coefficients on the right side in eqn (4.5) cancels out. 

 The non-radiative recombinations of minority carriers contribute to the local heat 

generation term QNRR(x) which is measured by [68] in equation (4.6) 

 

   QNRR(x)=∑
  

  
     (    )  (P-region)       (4.6) 

 

  QNRR(x)=∑
  

  
     (    )  (N-region)       (4.7) 

where     and    are the minority carrier lifetimes (s
-1

) of electrons and holes, 

respectively.    (    ) and    (    ) are the densities of local excess of minority 

carriers obtained from the solution of carrier transport equation [68]. 
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4.1.1.1 Energy Transport by Evanescent Waves 

 All the power of the incident wave is reflected for non-absorbing media and for 

obtuse angles. Since no losses occur upon reflection at the interface, there is no net 

energy transport into the medium of transmittance. This prove can be shown by 

considering the z-component of the Poynting vector [23] in equation (4.8), 

 

                            〈 〉  
 

 
  (    

      
 )                                       (4.8) 

 

〈 〉  vanishes when the expressions for the transmitted field components of E and H are 

introduced into equation (4.8) so there is no net energy transport in the normal direction 

to the interface. However, the energy transport along the interface is given by: 
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)            (4.9) 

 

where the physical meaning of the terms in equation (4.9) are explained in detail [23]. 

Also, the absence of a net energy flow normal to the surface does not necessarily mean 

that there is no energy contained in an evanescent wave [23].   
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4.2 Design and Characterization of Photovoltaic Module  

 Low bandgap PV cells are very critical in terms of achieving high efficiency 

which has been discussed in previous chapters. The electronic bandgap needs to be 

around the peak wavelength of the emitter spectrum. Table 2 shows most common TPV 

cell properties [60]. 

 

TPV Cell 

Energy 

Bandgap 

 

Specific 

Heat, 

Cp(Jg
-1
C

-1
) 

Melting 

Point (K) 

Thermal 

Conductivity 

(Wcm
-1
C

-1
) 

Thermal 

Expansion 

Coefficient 

(C
-1

) 

GaSb 0.72eV=1.71µm 0.25 985 0.32 7.7*10
-6

 

InGaAs 0.60eV=2.08µm 0.30 1350 0.05 5.7*10
-6

 

Ge 0.66eV=1.91µm 0.32 1210 0.58 5.9*10
-6

 

GaInAsSb 0.53eV=2.28µm 0.25 1373 0.49 6.2*10
-6

 

Table 2. Most common TPV Cell properties 

 

GaSb has a 0.72eV bandgap which has an equivalent wavelength of 1.71 µm and 

is a III-V type semiconductor. The p-n junction of GaSb can be created by epitaxy or 

diffusion. For diffusion, Zn is deposited into a n-type GaSb substrate with a Te-doped 

and exposed to second heating. It has 0.72 eV energy bandgap is also not expensive and 

used in a variety of applications [61]. 

Epitaxial InGaAs on some substrates such as InP show great results due to the fact 

that InP is transparent to the wavelength of interest. Furthermore, it is possible to be used 

as multiple diodes in series on a single die due to having semi-insulating substrate. This 
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also reduces resistive losses due to lower currents [62]. Also, InGaAs has a 0.60eV 

bandgap which has an equivalent wavelength of 2.08µm and has a high melting point. 

Ge is an indirect bandgap semiconductor and one of the most cheapest 

semiconductor. In general, they are made by diffusion such that Zn is diffused into an n- 

type Ge substrate. The quantum efficiency can be enhanced to more than 90% with 

epitaxial GaAs; however, the open circuit voltage is lower than an equivalent direct 

bandgap III-V type semiconductors. 

  GaInAsSb TPV cell, which has 0.54 eV bandgap and an equivalent wavelength   

(c ) of 2.28 µm and frequency (c)= 8.26*10
14

 rads
-1

. On a GaSb substrate, the lowest 

practical bandgaps are made possible by growing GaInAsSb epitaxially. The material 

bandgap can be adjusted by changing In or Sb quantities. The cells have GaInAsSb base, 

GaInAsSb emitter, AlGaAsSb window layer, and a GaSb contact layer on a n-GaSb 

substrate. Moreover, this cell has a high melting point.  

 

4.2.1 TPV Diode Model 

 The current-voltage (I-V) diode characteristic can be defined by [63] : 

 

   I=Io[exp(eV/kBT)-1]-Iph                (4.10) 

 

where I is the output intensity, V is the voltage, Io is the saturation current (which is also 

called the dark current), Iph is the photogeneration current, e is the electron charge 

modulus, and kB is the Boltzmann’s constant. When I=0, the measured voltage is called 

the open- circuit voltage (Voc) and given by: 

 

   Voc = 
   

 
   

   

  
                 (4.11) 



 

 67 

 When V=0, the measured current is called short-circuit current(Isc)and is equal to 

Iph. The maximum output electric power (Pel)  is explained by: 

 

    Pel=FF IphVoc        (4.12) 

 

where the fill factor (FF) is defined as: 

 

      [  
 

   (
   

  
)
] {  

      (
   

  
) 

   (
   

  
)
}                             (4.13) 

 

 

Figure 33.Simple TPV diode model [67] 
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4.2.2 GaInAsSb Semiconductor Characterization 

GaInAsSb which has 0.54eV bandgap and an equivalent wavelength (c ) of 2.28 

µm and frequency (c)= 8.26*10
14

 rads
-1

 is considered at temperature T=300K. A 

standard TPV cell is a p-n junction of semiconductor is placed in a near-field illuminated 

by a selective thermal emitter at T=1200K which is illustrated in figure 34. 

 

              
 

Figure 34. Schematic cross-section of the simulated GaxIn1-xAs1-ySby TPV cell. 

HW, HE,HB, HBSF and HS are the layer thicknesses of P-GaSb window, P-

Ga0.8In0.2As0.18Sb0.82emitter, N-Ga0.8In0.2As0.18Sb0.82 base, and N-GaSb substrate, 

respectively [64]. 

   

 

  

Figure 35. Electron and hole mobility of GaxIn1-xAs1-ySby versus doping 

concentration at 300K for several compositions [65]. 
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Mobility is a very important parameter for semiconductor materials. 

Semiconductor mobility depends on the impurity concentrations, temperature, defect 

concentration, and electron and hole concentrations. It can be seen from figure 35 that 

GaInAsSb has high mobility of charge carrier which implies how quickly an electron can 

move through semiconductor. Hence, this leads to better device performance.   

Quantum efficiency is defined for the amount of current that the cell produces 

when irradiated by photons of a particular wavelength. The external quantum efficiency 

(EQE) includes the effect of optical losses such as transmission and reflection; on the 

other hand, the internal quantum efficiency (IQE) refers to the efficiency with which 

photons which are not reflected and transmitted out of the cell are converted to current. 

GaInAsSb has an internal quantum efficiency of 95% and experimental studies 

have been conducted for GaSb and GaInAsSb diodes and shown in figure 36 [66]. 

 

 

 

 

Figure 36. GaSb vs GaInAsSb diode comparison [67]. 
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4.2.3Tailoring and Tuning the PhC  and PVcell electronic bandgaps  

 In figure 37, an exemplary system for tailoring thermal emission is shown. It is 

based on alternating regions of tungsten selective emitter and air in a 2D pattern, to 

achieve high-temperature stability as well as a continuous bandgap induced by the 

metallic structure up to a cutoff frequency [67]. Moreover, the cutoff frequency is tuned 

to have a cutoff wavelength equal to the external quantum efficiency (EQE) edge of the 

TPV cell by modifying the geometric parameters of the tungsten structure such as the 

period (ᴧ), thickness (t), groove height (h) and base length (δ). 

  

 
Figure 37. Tuning the 2D PhC Selective Emitter vs GaInAsSb 

 

  

Low frequencies or the wavelengths higher than the electronic bandgap cannot 

enter to the photonic lattice; indeed, they are reflected strongly. Moreover, higher 

frequencies or the wavelengths lower than the electronic bandgap also might not enter to 

the photonic lattice; however, this region somewhat depends on the type and the major 

carrier concentration of the semiconductor. In general, some higher frequency photons 



 

 71 

near the cutoff frequency of the semiconductor help electrons move faster and more 

smoothly from conductance to valence band. This enhances the current flow inside of the 

semiconductor. Unfortunately, if the frequency of the photons are very high such as in the 

range of  0.7-1µm , mobile carriers start diffusing and drifting between conductance to 

valence band and try to exceed the upper limit of the band. This destroys the thermal 

equilibrium of the semiconductor and results in excess heat [74]. Figure 38 illustrates the 

spectral emittance tailoring at the bandgap energy of the semiconductor. 

 

 
Figure 38. Spectral emittance tailoring for the 2D W PhC selective emitter 

and GaInAsSb. Emitted photons with wavelengths <2.28µm are capable of 

being absorbed by GaInAsSb. 

 

 

 

 

 

 



 

 72 

4.3 Control of heat dissipation and cooling solutions in TPV cell 

When designing high-efficiency thermophotovoltaic (TPV) devices, thermal 

management needs to be considered due to optical and electrical losses which cause heat 

dissipation from the system and lower the overall system efficiency. For a safe and 

efficient operation of the thermophotovoltaic (TPV) system, this heat flux needs to be 

dissipated. The cells at high temperature are exposed to degradation for temperatures 

higher than 60-70C [39]. Hence, maintaining the thermophotovoltaic (TPV) cells at 

room temperature via the analysis of the thermal effects needs to be satisfied to have a 

stable and better performance thermophotovoltaic (TPV) system.  

GaInAsSb type TPV cell ,which is considered at temperature T=300K, is a p-n 

junction of semiconductor is placed in a near-field illuminated by a selective thermal 

emitter at T=1200K which is illustrated in Fig.39. 

 

   

Figure 39.Schematic of TPV Cell diagram 
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It is fundamental to apply the cells over a heat sink such as aluminum or copper 

cooled by air, water or alternative coolants to remove the waste heat on the cell. One of 

the critical aspects in the thermophotovoltaic (TPV) cell thermal management is to 

provide a good thermal contact between the heat sink and cells. It needs to be assured that 

the substrate of the heat sink has high thermal conductivity and at the same time needs to 

be an electrical insulator to avoid the shorting of the cell back contacts. Moreover, to 

avoid mechanical stresses, its thermal expansion coefficient should be close to that of 

cell. Ceramic insulator materials such as aluminum nitride (AIN) and beryllium oxide 

(BeO) with  over 141 Wm
-1

K
-1

 and 252 Wm
-1

K
-1

, respectively can be chosen for TPV 

cell substrates. 

State-of-the-art cooling systems cool the electronic components by forced air 

convection which contributes nearly up to the half of the total power consumption 

(Brunschwiler et al. 2009, Koomey 2008). Further advances and miniaturization of 

electronic components have led to increased heat generation in electronics, making the 

traditional cooling strategies insufficient (Brunschwiler and Michel 2008, Meijer 2010). 

 

4.3.1 Liquid Cooling 

Liquid cooling has been widely used in electronic equipments due to promising 

better thermophysical properties (high specific heat, density, and thermal conductivity) 

compared to air, and these lower thermal resistance by a factor of 5 of liquid cooling 

systems (Brunschwiler et al. 2006, Colgan et al. 2007). There are two types of liquid 

generally applicable on electronics: indirect and direct cooling. The coolant does not 

come into contact with the electronics by indirect liquid cooling; however, the coolant is 

in direct contact with the electronics by direct or immersion type of liquid cooling. The 

selection of fluid does also have an impact on removing the heat efficiently. Water is 
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used normally due to the fact that it is cheap and has superior thermal properties by 

designing to have no direct contact with electronics. However, it is also possible to use a 

liquid dielectric by directly contacting the electronics, and using either natural convection 

or forced convection due to their acting as electrical insulators in high voltage 

applications. Since there are some concerns with direct cooling such as leakage or 

environmental concerns, indirect cooling provides a better solution for electronics.  

 

4.3.1.1 Single Phase Convection in Microchannels 

 Microchannels are most commonly used for indirect liquid cooling of electronics 

and can be manufactured into a substrate or a heat sink, and then assembled to a chip or 

array of chips. Nakayama [70] shows the superiority of direct water cooling, especially in 

conjunction with straight microchannels. Fig. 40 illustrates a typical straight 

microchannel array system. 

 

 

Figure 40. Straight microchannel arrays (W=Width of microchannel, 

H=Height of microchannel, tf=microchannel array spacing, tsub=substrate 

thickness between microchannel and semiconductor) 
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The flow and thermal characteristics in a microchannel can be assumed as 

follows: the flow is at steady state, laminar, and incompressible. The effect of viscous 

dissipation and the body force is neglected. Hence, the governing equations can be 

written as given in [72]: 

Mass equation 
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Momentum equation 
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Energy equation 

 

       
 (   )

   
 

 

  

  ( )

   
                              (4.16) 

 

Reynolds number is also expressed as 

 

       
     

 
                     (4.17) 

where um is the average velocity of fluid in microchannel,   is the dynamic 

viscosity,   is the density,    is the hydraulic diameter. 

 

The average Nusselt number of microchannels is determined by the following 

definition, 
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                 (4.20) 

 

where     is the average heat transfer coefficient of microchannels, Q is the total heat 

generated by the chip, and q is the heat flux.    shows the bottom surface area and    is 

the heat transfer area of per channel. Also, Tw is the average temperature of channel wall 

surface, Tm=(Tin+ Tout)/2 is the average temperature of the coolant, where  Tin and Tout are 

the inlet and outlet coolant temperature, and n is the number of microchannels. 

 The boundary conditions are considered such that the top wall of channels is 

assumed constant heat flux (W/cm
2
 or W/m

2
), the bottom wall of channels is specified as 

an adiabatic and the two sides of the channels can be taken as symmetry boundary 

conditions for an array of microchannels. Also, uniform velocity condition is applied at 

the inlet and pressure outlet which is assumed as 1 atm. The inlet temperature of coolant 

is assumed as 293K.  

Basically, there are two paths of heat removal from the microchannels: One is that 

the heat is conducted up through the channel wall and the other is that heat is transferred 

into coolant through the bottom surface of channel directly [72]. 
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Straight microchannel heat sink has larger surface-volume ratio compared to 

traditional cooling technologies, so the heat transfer performance can be improved 

significantly. However, an additional pumping power needs to be provided due to higher 

pressure drop. This might cause a trouble for the application of thermophotovoltaic 

(TPV) device into military and space sector. Recently, it’s been shown that the transverse 

wavy microchannel has great potential to reduce pressure drop, especially for higher 

wave amplitude at the same Reynolds number [72].  

 

 

 

Figure 41. (a) Schematic of a transversal wavy microchannel heat sink (b) 

Schematic of one-branch transverse wavy microchannel [72]. 

 

The channel walls are formed based on a reference wave which is in the form of a 

sinusoidal function  

 

                                                          (  
 

 
)                  (4.21) 

 

where A is the wave amplitude and  is the wavelength.  
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Xi et al. [72, 73] investigated the one-branch transverse wavy microchannel 

(35mm  35mm) by selecting the parameters defined in fig.41 as following: 

hydrodynamic diameter (Dh=214 µm) based on the ratio of four times the wetted area to 

two times the wetted perimeter, the cover plate thickness (Ht) and the substrate thickness 

(Hs) are chosen to be 25 µm. To define the transverse wave function given in equation 

(4.21), A and  are chosen as 237.5 µm and 350 µm, respectively. All these chosen 

parameter sets are called LCW2. The uniform heat flux is applied on the bottom surface 

of the substrate.  

 

 

 

Figure 42. Heat transfer vs. Nusselt number varying with the Reynolds  

number [72]. 
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Figure 43. Temperature distribution for um=1.4m/s or Re=223 [72]. 

 

It can be seen from fig. 43 that the waste heat can be controlled effectively by 

using a transverse wavy microchannel heat sink which is an attractive way to cool chips. 

Hence, it can be a great alternative cooling solution for the excess of heat which is 

released by the thermophotovoltaic (TPV) cell.  

 

4.4 TPV system performance 

According to eqn. 4.10 and 4.11, Isc and Voc increase linearly and logarithmically 

with the irradiation, respectively; the fill factor increases as well with the open circuit 

voltage. Hence, at higher radiation densities the performance and efficiency of the cell 

improve. However, the higher current density also implies higher series resistance. So, 

the tuning and the tailoring the 2D tungsten selective emitter with GaInAsSb’s external 

quantum efficiency (EQE) has been achieved to decrease this resistance. 
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Unlike the solar PV technology, in thermophotovoltaics (TPV) there is not yet a 

concrete reference to measure the efficiency of a TPV cell because the spectrum of the 

incident radiation depends on the characteristics of the optical system in the near field.  

A simple method to calculate the efficiency of a TPV cell is described as the ratio 

of electric power Pe by incident radiative power Pradand given by: 

 

     
  

    
      (4.22) 

   

                     (4.23) 
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   (4.24) 

 

where FF is the fill factor given in eqn. 4.13, Voc is the open-circuit voltage and given in 

eqn. 4.11.  

 Jsc can be defined as the ratio between the radiation energy and the photon energy 

at a wavelength   multiplied by the external quantum efficiency (EQE) over the usable 

part of the spectrum [39]: 
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    (4.25) 

    

where h is the Planck’s constant,c is the light speed,     is the bandgap wavelength of 

the semiconductor.  

 



 

 81 

 In our design, T=1200K and    =2.28µm, and all other parameters and 

equations are expressed in chapter 4.2. Using these parameters, the calculated values are 

given in table 3. 

 

 

FF Jsc (A/cm
2
) Voc (V) Pe (W/cm

2
) Prad(W/cm

2
)   

0.97 2.49 0.34 0.82 1.87 0.438 

Table 3.GaInAsSb (Eg=0.54 eV) and 2D tungsten selective emitter performance at 

T=1200K 
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Chapter 5 

Summary and Future work 

  

TPV is classified as a great static energy converters which convert thermal 

radiation energy into electricity by means of photovoltaic (PV) cells. Thus, TPV energy 

conversion has many advantages over other heat conversion systems, because the absence 

of moving parts leads to low noise, low thermal-mechanical stresses and portability. 

We focused on thermal selective emitters based on two-dimensional (2D) PhC 

tungsten by controlling periodic patterning to be used as selective thermal emitters that 

are well-matched to thermophotovoltaic (TPV) cell diode of the system to achieve high 

efficient thermophotovoltaic (TPV) conversion. Recent advances have led to a great 

interest in low-band semiconductors in TPV system; hence, the temperature of the 

thermal source typically in the range of 1000-1500K can be applicable for low-band 

semiconductor energy conversion in TPV system. In this thesis, the temperature of the 

thermal source is chosen 1200K  to be designed for GaInAsSb type of low-bandgap 

semiconductor which has 0.54 eV bandgap and an equivalent wavelength   (c ) of 2.28 

µm, and frequency (c)= 8.26*10
14

 rads
-1

.  

Spectral mismatch between the emitter and the TPV cell spectrum limits the TPV 

converter efficiency. Photons with energy lower than the TPV cell bandgap are not able 

to create electron-hole pairs and results in heating the cell. Also, for high energy photons, 

the difference between photon energy and the bandgap energy is lost in Joule heating. 

Thus, a quasimonochromatic source at a frequency near the energy bandgap is designed 

as an ideal source. Thermal management and cooling strategies have been conducted to 

decrease the waste heat which degrades the cell life over time. The suggested 2D TE 

normal TPV system efficiency is predicted around 43% which implies a promising result 
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and can be applied to many different sector such as military, space, semiconductor or 

electronic industry. 

The future work summarized below is recommended for further investigation of 

TPV systems and enhancing their efficiency: 

 

1) Experimental analysis of conversion efficiency measurement  

2) Monte Carlo application for evanescent heat transport to measure the better 

photon absorption by cell 

3) Application of anti-reflection coating on the tungsten selective emitter can be 

increased the energy transfer to the cell 

4) Optimization of a transverse wavy microchannel heat sink enhances heat 

removal from the cell 
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