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SUMMARY 

Radiative energy converters are semiconductor devices that realize energy 

conversions between thermal energy and electricity. These newly proposed solid-state heat 

engines/pumps are considered as promising technologies for energy harvesting and 

conversion applications on thermal energy storage, aerospace power generation, local 

thermal management, and thermal regulation for building and human thermal comfort. This 

dissertation is designated to develop a detailed and comprehensive modeling method to 

depict the photon-charge coupled transport for radiative energy converters, investigate the 

unique physical phenomena induced by the photon chemical potential inside the devices 

and explore the performance enhancement by using two-dimensional (2D) materials. 

A modification of the direct method is proposed using Boltzmann approximation 

to link the conventional and direct method for the modeling of near-field TPV cells. By 

contrasting different modeling approaches, the effect of evanescent waves on the dark 

current of a near-field TPV cell is quantitatively analyzed for different emitter and cell 

materials. 

To fully model a working near-field TPV cells, an iterative solver that combines 

fluctuational electrodynamics (FE) with the drift-diffusion (DD) model is developed to 

tackle the coupled photon and charge transport problem, enabling the determination of the 

spatial profile of photon chemical potential beyond the detailed balance approach. The 

difference between the results obtained by allowing the photon chemical potential to vary 

spatially and by assuming a constant value demonstrates the limitations of the conventional 

approaches. 



 xxv

The performance improvement on a thin-film, near-field InAs TPV device with a 

back gapped reflector is investigated, comparing its performance to that with a 

conventional metal back surface reflector. Surface passivation conditions are also 

investigated to further improve the performance of TPV devices with back reflectors. The 

output power and efficiency are calculated using the newly proposed photon-charge 

coupled model. The absorption of the back reflectors and external luminescence loss are 

analyzed to explain the performance improvement. 

The external radiative recombination in thin-film, near-field radiative energy 

converters is investigated using FE. The spatial profile of the local external radiative 

recombination coefficient is calculated to investigate the thin-film effect, geometric effect, 

and doping effect on the external luminescence of a thin-film radiative energy converters 

under different configuration and working conditions. 

A novel photonic thermal diode is achieved in the near-field regime by coupling 

(or decoupling) the hyperbolic phonon polaritons (HPhPs) in hexagonal boron nitride 

(hBN) and temperature-dependent interband transition of indium antimonide (InSb). 

Taking the advantages of the forward bias operation condition, a near-field thermoradiative 

device with high performance can be realized.  

This thesis provides a comprehensive investigation of optical and electrical 

processes of radiative energy converters, which can benefit the design and optimization of 

solid-state energy converters with wide application scenarios. Fundamental understanding 

of the photon chemical potential may exploit a new pathway of control the radiative heat 

transfer for both far- and near-field regimes. 
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CHAPTER 1. INTRODUCTION 

All forms of matter emit radiation through various mechanisms. Since Kirchhoff 

first introduced the term of black body in 1860, thermal radiation, also known as blackbody 

radiation, has stood in the spotlight throughout the history of classical physics.   Almost all 

the biggest names in physics and math have contribute to the establishment of classical 

electromagnetism. To summarize from the perspective of thermodynamics treatment of 

electromagnetism [1], Josef Stefan and Ludwig Boltzmann complete the derivation of 

Stefan-Boltzmann law to describe the intensity radiated from a black body as a function of 

temperature. Wien derived the Wien’s displacement law and Wien’s spectrum to describe 

the blackbody spectrum at short-wavelength region. The Rayleigh-Jeans formula proposed 

by Lord Rayleigh and Sir James Jeans matched with blackbody spectrum at high 

temperature and long wavelengths range [2]. The study of blackbody radiation culminated 

until Max Planck obtained Planck’s law to fully describe the blackbody spectrum based on 

Boltzmann’s entropy expression. In his book The Theory of Heat Radiation, Planck created 

the “quanta” hypothesis to derive Planck’s law [3], which opened the door to the modern 

physics. 

As depicted by Planck’s law, thermal radiation is essentially thermally excited 

electromagnetic waves, whose intensity and spectrum are only a function of local 

temperature. However, according to the dual theory, thermal radiation can also be 

characterized as a photon gas with zero chemical potential because the number of photons 

is not conserved in a blackbody enclosure. However, in general, photons obey the Bose-

Einstein statistics and can carry chemical potential via thermodynamic processes or 
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photochemical reactions, such as interacting with other quasiparticles [1, 4, 5]. For a 

semiconductor, the emission or absorption of photons whose energies exceed the bandgap 

energy (Eg) are mainly associated with the radiative recombination or photogeneration 

processes, in which an electron-hole pair is either eliminated or created. To represent the 

interaction between the electron-hole pairs (e- and h+) and photons (ph), a photochemical 

reaction is given: 

e h ph         (1.1)  

From a thermodynamics point of view, the Gibbs free energy should be conserved 

in these processes, which can be written as [6]: 

G S V P i i
i

d dT d dN        (1.2) 

where the product of entropy (S) and the change of temperature (T) represents the heat 

exchanged in a grand canonical ensemble, and the product of volume (V) and the change 

of pressure (P) is defined as compressional energy. The total change of chemical potential 

of this system can be calculated by the summation of the chemical potential change of each 

quasiparticle, which is expressed as the chemical potential (i) times the change of 

quasiparticle number (Ni). [6]. 

With the assumption of a steady-state system at local equilibrium of temperature 

and pressure, the conservation of the Gibbs free energy can be simplified [1, 6]: 

e e h h ph phdN dN dN         (1.3) 

Since the number of the electron-hole pairs is equal to that of generated photons, i.e., the 

photon chemical potential should equal the difference between those of the electrons (e) 

and holes (h), which is expressed as [1]: 
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ph e h f,e f,hE E           (1.4)  

where Ef,e and Ef,h are the quasi-Fermi levels of electrons and holes in a semiconductor. In 

a nonequilibrium semiconductor, the radiative recombination and photogeneration are 

simultaneously proceeding. These photons that emitted from such semiconductors carry a 

photon chemical potential and is defined as non-thermal radiation or luminescence, which 

is a function of both temperature and chemical potential at local equilibrium. The emitted 

photon flux may be higher or lower than that from a blackbody at the same temperature,  

 

Figure 1.1 Spectral intensity and apparent temperature for a blackbody semiconductor with 

a bandgap energy of 0.354 eV at 300 K under varying photon chemical potential. 
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depending on whether photon chemical potential is positive or negative, resulting in 

luminescence or negative luminescence effects. Let us assume a photon chemical potential 

on a semiconductor material with bandgap energy Eg = 0.354 eV (corresponding to that of 

InAs). It can be seen in Figure 1.1 the spectral intensity increases significantly at 

frequencies above the bandgap, especially when the chemical potential is close to the 

bandgap energy. The effective or apparent temperature can approach to 2000 K at the 

bandgap frequency with  = 0.3 eV when compared to the equilibrium blackbody (300 K) 

spectral intensity. Reversely, the spectral intensity is suppressed and the effective 

temperature can be lower than the blackbody temperature when photon chemical potential 

is negative. The luminescence effect is essential to the operation of light-emitting diodes  

(LEDs) [1]. Furthermore, radiative energy converters may also be subject to nontrivial 

electroluminescence due to the radiative recombination of injected electrons and holes in 

different radiative energy converters, especially in the near-field regime [5, 7-11].  

In general, photovoltaic (PV) cells and LEDs are the archetypical examples of the 

radiative energy converters without an emitting/receiving body. By tunning the photon 

chemical potential and the working temperatures, radiative energy converters can realize 

energy conversion between thermal radiation and electrical energy. As shown in Figure 

1.2, four kinds of radiative energy converters are investigated in this thesis and they are 

made of three components: a p-n diode, an emitter/receiver, and a vacuum gap separating 

these two bodies. Depending on whether the p-n diode is generating or consuming 

electricity, the device can operate as a heat engine: thermophotovoltaic (TPV) cell and 

thermoradiative (TR) cell, or a heat pump: electroluminescent refrigerator (EL) and 

negative electroluminescent refrigerator (NEL). TPV cells generate electrical current by 
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Figure 1.2 Schematics of the four types of radiative energy converters: (a) TPV cell, (b) 

TR cell, (c) EL refrigerator, and (d) NEL refrigerator. 

absorbing thermal radiation from hot objects; while TR cells generate electrical current by 

emitting thermal radiation to cold objects. In a likely manner, EL refrigerators can cool the   

objects by emitting more luminescence to the surroundings; while NEL refrigerators can 

cool the surroundings by suppressing the luminescence from the refrigerators [2, 5, 7]. A 

representative current-voltage characteristic (i.e., the J-V curve) diagram for four types of 

radiative energy converters is shown in Figure 1.3. The four J-V curves are essentially 

diode curves when facing another body at different temperatures. Both the J-V curves of 
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Figure 1.3 The current-voltage characteristics of four types of radiative energy converters. 

TPV and EL are created by shifting a diode curve downward, since the emitter/ receiver 

possesses a higher temperature than the p-n diode. While the J-V curves of TPV and EL 

are created by shifting a diode curve upward, since the temperature of the emitter/receiver 

is lower than that of the p-n diode. Since TR cells and TPV cells operate as heat engines, 

their operation conditions locate at the second and fourth quadrant of the J-V diagram, 

respectively, where the output powers of the devices are positive. Therefore, the second 

and fourth quadrant represent the load quadrants, which produce electrical power. While 
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Figure 1.4 Band diagrams of a working (a) TPV cell, (b) TR cell, (c) EL refrigerator, and 

(d) NEL refrigerator under illumination and bias, showing the conduction band (Ec), 

valence band (Ev), and quasi-Fermi levels whose difference equal the photon chemical 

potential. 

EL refrigerators and NEL refrigerators are working as heat pumps, thus the operation 

conditions locate at the first and third quadrant of the J-V diagram, where the output powers 

of the devices are negative. Therefore, the first and fourth quadrant represent the power 

supply quadrants, which consume electrical power. The shadowing areas represents the 

power consumed or supplied for different radiative energy converters. 
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The working band diagrams of four types of radiative energy converters are shown 

in Figure 1.4. For a working TPV cell, an incident photon above the bandgap energy is 

absorbed by a TPV cell, which generates one electron–hole pair. Some of these free carriers 

are separated in the depletion region and flow in opposite directions, providing electrical 

power to an external load. Meanwhile, some of these excess electrons and holes recombine 

and generate luminescent photons, which carry a positive chemical potential equal to the 

difference between the quasi-Fermi levels of the electrons and the holes. For a working TR 

cell, the temperature of the p-n diode is higher than that of the surroundings or the receiver. 

Although there are incoming photons generating free carriers, more electron-hole pairs 

recombine in the p-n diode and emit out photons, which carry a negative chemical 

potential. As the bias becomes more and more negative, the luminescence effect is 

suppressed and the TR cell reaches a balance of radiative recombination and 

photogeneration with an output power. Reversely, when one electrically injects free 

carriers into the p-n diode and create a positive photon chemical potential, it can function 

as a EL refrigerator since the external luminescence intensity is larger than the summation 

of incoming radiation and Joule heating. Similarly, the free carriers in the p-n diode can be 

electrically taken away to create a negative photon chemical potential, which results a 

suppression on the external luminescence. Therefore, the p-n diode can absorb more 

photons from the surroundings/receiver of same temperature to act as a refrigerator. 

Due to the growing concerns of climate change and environment pollutions, 

conventional energy generation and conversion technologies are urgently required to be 

replaced by clean energy innovation. The radiative energy converters with the advantages of 

compact size and solid-state operation are promising alternatives to conventional thermal-fluid 

thermodynamic cycles for power generation and heat pumping, which make these device 
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attractive candidates for a variety of applications, such as local thermal storage, waste heat 

recovery, solar and nuclear energy conversion, aerospace power generation, thermal 

management and building thermal regulation [2, 12-18]. 

Near-field radiation is derived from near-field optics [2]. When the separation distance 

between two objects or the size of radiant bodies is comparable or smaller to the 

characteristic wavelength, the radiation transport may exceed the blackbody limit depicted 

by Planck’s law. However, Planck already indicated this issue when he made the 

fundamental assumption to derive the blackbody radiation in his book [3], “Throughout 

the following discussion it will be assumed that the linear dimensions of all parts of space 

considered, as well as the radii of curvature of all surfaces under consideration, are large 

compared with the wavelengths of the rays considered.” Coupled evanescent waves from 

total internal reflection and surface polaritons in certain materials dominate the radiative 

heat exchange in the near-field, which leads to the enhancement of radiative heat flux by 

several orders of magnitude [2, 19-27]. Maxwell’s equations perfectly describe the 

propagation of electromagnetic waves in media, while they are not sufficient to solve the 

radiative heat transfer between two separated bodies. By treating thermal radiation as the 

spontaneous emission originating from random thermal fluctuation of dipoles in a medium 

with temperature larger than 0 K, Rytov et al. [28] established the fluctuational 

electrodynamics (FE) by combining the fluctuation-dissipation theorem with Maxwell’s 

equations, which first gave detailed and comprehensive mathematical expressions to link 

the local equilibrium temperature and thermal radiation. Following this groundbreaking 

work, the theoretical studies and numerical methods on near-field radiative heat transfer 

are performed in planar structures [29-36] , tip/sphere-plane structures[37-41], sphere-

sphere structures [40, 42, 43] and even arbitrary geometries [44, 45]. The experimental 
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demonstrations of near-field radiation enhancement are conducted since last century. Due 

to the limitation of micro fabrication techniques, the near-field enhancement on the 

radiative heat transfer can only be demonstrated qualitatively by some pioneer works [46-

50]. Boosted by the advancement of nanotechnologies and computational powers, 

researchers have measured the near-field radiative heat transfer in various configurations 

made of dielectrics, metals, semiconductors, and metamaterials [51-71], and detailed 

discussions can be found in the review articles [27, 72]. The experimental demonstrations 

of near-field radiation enhancement pave the way for applying near-field radiation to 

radiative energy converters to further improve their performance. 

Among the four types of radiative energy converters, TPV cells have been most 

extensively investigated because the technical developments in the solar cell industry can 

almost be transplanted due to their similarities in operation. Whale and Cravalho first 

proposed the concept of a near-field TPV device with a simplified model predicting 

performance improvements on its power density and efficiency [73]. Inspired by this 

pioneer work, extensive efforts have been put into the theoretical modeling to investigate 

the fundamental mechanism and theoretical limit of near-field TPV devices, and the design 

of novel emitters and absorbers to further improve the performance of near-field TPV 

devices. Large number of theoretical investigations on the optical and electrical processes 

in near-field TPV devices have provided a comprehensive understanding about the working 

principle and unique physical phenomena of this radiative energy converter [73-87]. The 

optimizations on the design of the emitter and cell include using 2D materials (i.e., 

graphene [88-92] and hyperbolic metamaterials [93-95]), photonic structures (i.e., thin-

film [8, 96-98], gratings [99-101], nanowires [102, 103], multilayered photonic crystals 
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[104-108]), waveguides [109, 110], and back reflectors [111, 112]. Instead of using p-n 

diode, some other works explored the possibility of using Schottky junctions [92, 113, 114] 

and tandem cells [115]. Experimental studies were carried out as early as 2001 [116] and 

2007 [117] with qualitative demonstration of near-field enhancement effect on the device 

performance. More recently, several works from three different groups reported the 

realization of near-field TPV device with quantitative demonstrations of practical surface 

areas [118-122].  

TR cells made of a p-n diode has been experimentally demonstrated at room 

temperature by Santhanam and Fan, however, there are only theoretical studies on the 

performance analysis of near-field TR cells [82, 123-128]. The Auger generation and 

reliability of semiconductors at moderate temperature (> 500 K) are the largest practical 

concerns to realize such devices [14]. As stated by numbers of publications [129-143], EL 

in the far-field operation can predict very little cooling capacity with low efficiency since 

the nonradiative recombination processes cause parasitic heating and deteriorate the 

performance. The experimental demonstrations of the EL refrigeration validated the 

theoretical prediction on the performance [144-146]. One important way to improve the 

performance of EL refrigeration is adding a PV cell to collect the emitting photons from 

the LED to compensate the electricity consumed by the LED. This is also as known as 

thermophotonic (TPX) cooling, which was first proposed by Green [147, 148]. More 

information about the development of EL refrigeration and TPV cooling can be found in 

the review articles [5, 149-151]. Accounting for the struggle of far-field EL refrigeration, 

several theoretical works have already demonstrate that near-field operation can provide 

apparent benefits of large cooling power and high extraction efficiency of photons [9, 152-
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154]. Although the experimental demonstration of the EL refrigeration effect should be in 

the near future, there is still a long journey for the EL refrigeration to be compete with 

conventional refrigeration cycles and the major challenges would remain in the finding of 

LED materials with high light extracting efficiency [5]. Negative luminescence effect in a 

reversely biased semiconductors has been discovered for decades [155-157]. Although the 

refrigeration application of negative luminescence effect has been studied less than the EL 

refrigeration effect [11], near-field NEL has been experimental demonstrated by Zhu et al. 

[158]. Despite these radiative energy converters, multiple devices can combine together to 

made a complex energy converter, such as TPX refrigerators or TPV-TR devices. The 

studies of radiative energy converters in the near-field operation only started recently, 

therefore, there are enormous research opportunities in near-field radiative energy 

converters, which can potentially provide a new solution for energy crisis, global warming 

and environment pollutions. 

This dissertation is divided into 8 chapters. Chapter 2 gives an introduction of 

theoretical backgrounds of the modeling methods for optical and electrical processes in 

radiative energy converters. This chapter presents the fundamentals of near-field radiation 

in stratified media made of isotropic and anisotropic materials. Detailed balance analysis 

and drift-diffusion model for charge transport inside semiconductor materials are also 

covered in Chapter 2. Chapter 3 discusses the effect of evanescent waves on the dark 

current of near-field TPV devices. A comparison between conventional model and direct 

model is conducted to address the importance of near-field effect on the performance 

prediction of near-field TPV devices. Chapter 4 introduce an iterative solver of photon-

charge coupled model to simulate the transport phenomenon inside near-field TPV devices. 
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The spatial profile of photon chemical potential is also discussed with an emphasis on the 

relation between applied bias and local photon chemical potential. By means of newly 

proposed photon-charge coupled model, Chapter 5 shows the performance improvement 

of a near-field TPV device by replacing a conventional metal back reflector with a back 

gapped reflector. Chapter 6 presents a comprehensive model of external luminescence 

especially for thin-film radiative energy. The spatial effect and doping effect on the 

external luminescence are also discussed in Chapter 6. This chapter also quantitatively 

distinguish the non-thermal and thermal radiation above the bandgap energy of 

semiconductors. Chapter 7 introduces a novel design for near-field photonic thermal diode 

and near-field thermoradiative device by employment of 2D metamaterials. Finally, 

Chapter 8 summarizes all the findings and conclusion of this dissertation with future 

direction of this research.   
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CHAPTER 2. THEORETICAL BACKGROUND 

 This Chapter covers the common modeling methods used in radiative energy 

converters, which can be divided into two parts: photon transport and charge transport. In 

section 2.1, the fundamental theory of the fluctuational electrodynamics (FE) and recursive 

transfer matrix method for both isotropic and anisotropic stratified media is discussed. The 

near-field radiative heat transfer between two semi-infinite bulks is explicitly expressed. 

Section 2.2 introduces two modeling methods and their theoretical hypotheses to 

characterize the charge transport mechanism. 

2.1 Photon Transport within Radiative Energy Converters 

 The classical theory of radiative heat transfer is considerably simplified by using 

geometric optics, where the thermal energy of the emitting object is all converted to 

propagating electromagnetic waves. The radiant intensity carried by the propagating waves 

from an object can be characterized by Planck’s law with integration of wavelengths and 

hemispherical emissivity. Nonetheless, if the vacuum gap between objects exchanging 

radiation is comparable or smaller than the characteristic thermal wavelength, the 

evanescent modes of electromagnetic waves resulted from total internal reflection (i.e., 

frustrated modes) and surface resonance (i.e., surface modes) can tunnel though the 

vacuum spacing and the wave nature of electromagnetic waves can result in interference 

effect. The near-field tunneling phenomenon is also as known as photon tunneling effect, 

which are not captured by the classical far-field radiative heat transfer. To fully describe 

the photon transport phenomenon within radiative energy converters for both far-field and 

near-field operation conditions, FE approach coupling the fluctuation-dissipation theorem 
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and Maxwell’s equations provides a mathematical solution to calculate the radiative heat 

transfer or the number of exchanging photons between any two source points within a 

radiative energy converter. 

2.1.1 Fluctuational Electrodynamics 

From the perspective of electromagnetics, thermal radiation originates from the 

random thermal fluctuations of the charged particles inside the body with temperature 

greater than 0 K [2]. Maxwell’s equations provide a rigorous mathematical modelling that 

fully can describe the generation and propagation of electromagnetic waves with given 

boundary conditions. A fluctuating current due to the thermal fluctuations of the volume 

densities of charges and current is added in Ampere’s law to represent the source of 

generated electromagnetic fields, which is at local equilibrium [32]. The electromagnetic 

fields at any point other than the source point are the superposition of the generated 

electromagnetic fields from the emitting objects. Following this logic, FE is also applicable 

to calculate local nonthermal radiation, which will be discussed in Chapter 6. 

Maxwell’s equation of non-magnetic materials can be written as: 

   0, i ,   E r H r        (2.1) 

     , i , ,      H r E r J r       (2.2) 

 , e  D r         (2.3) 

 , 0 B r         (2.4) 

where E, H, D, and B represent the electric field, the magnetic field, the electric 

displacement current, and the magnetic induction at a random location r in a cylindrical 

coordinate for a specific frequency , respectively.  is the electric permittivity, e  is the 
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charge density, and 0  is the magnetic permeability of vacuum. By the employment of 

Lorentz gauge and the Green’s function of a point impulse response of the system, the 

electric and magnetic fields can be written in terms of the volumetric integration of the 

Green’s function as follows [2, 32]: 

     0 V
, , , ,Ei d      E r G r r J r r      (2.5) 

     
V

, , , ,H d     H r G r r J r r      (2.6) 

where  ,J r  is the fluctuating current density corresponding to the frequency   at the 

location r , and r  is a random location in a cylindrical coordinate. EG  and HG  are the 

electric and magnetic Green’s function, respectively. Applying the Poynting theorem, the 

heat flux can be represented by the time average of spectral Poynting vector in Cartesian 

coordinates: 

     1
, , 4 Re

2
q      *r S r E H      (2.7) 

To be noted, the factor 4 represents only the positive frequencies are accounted for in the 

Fourier transfer from the time space to frequency space. When one plugs Eqs. (2.5) and 

(2.6) into Eq. (2.7), the spatial correlation function of the fluctuating current density for a 

non-magnetic medium is given by fluctuation-dissipation theorem [28]: 

            0* Im ,
, , ab

a b

T
J J

       
 


    

  
r r

r r   (2.8) 

where   and * denote the ensemble average and the complex conjugate. 0  represents the 

electric permittivity of vacuum. aJ  or bJ ( , , ,a b x y z ) stands for the x, y, z component 

of J, ab  is the Kronecher delta function, and    r r is the Dirac delta function. 
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     represents the fluctuating current is spectral stationary.  ,T  is the mean 

energy of a Planck’s oscillator, which is defined as: 

    , ,T T              (2.9) 

where  ,T  is the Bose-Einstein distribution To include the effect of photon chemical 

potential  , the modified Bose-Einstein distribution,  , is given as:  

 

1

g
B

1

g
B

exp 1 ,

, ,

exp 1 ,

k T
T

k T

  

 
   





             
  

   
  





     (2.10) 

where   is the reduced Planck constant, Bk  is the Boltzmann constant and T is the 

temperature at local equilibrium. g g /E    is the frequency corresponding to the 

bandgap energy ( gE ). 

 

Figure 2.1 Schematic of one-dimensional stratified medium with the amplitude pattern of 

electric and magnetic field shown in each layer due to a point source z  located in layer m, 

and dz  is the detected point in a random layer j where the heat flux is calculated. 
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2.1.2 Dyadic Green’s Function for an Isotropic Stratified Media 

The one-dimensional (1D) stratified medium shown in Figure 2.1 represents the 

general geometric structure of a radiative energy converters. There are L-1 layers with 

finite thicknesses sandwiched between two semi-infinite bulks, which are usually air or 

substrate. Each layer can possess different optical and electrical properties at different local 

equilibrium. The temperature and photon chemical potential of a single layer are assumed 

to be constant. Therefore, to describe a stratified medium with varying spatial profile of 

equilibrium conditions, a finer mesh is required to make sure each layer at local 

equilibrium. The switch between Cartesian (x, y, z) and polar (, , z) coordinate systems 

are required to calculate the electromagnetic field in every layer. By applying a spatial 

Fourier transform on the Green’s function, the z-component spectral radiative heat flux of 

at dz  from the source point z  can be written as [32]: 

   

   

2

d

d0
                  

, , ,

Re Im , ,  ,  

mj

m mjz

q z T
c

i k dk F k z z dz

   


 


   
 

       


   (2.11) 

where c is the speed of light in vacuum, 1i    , m  is the relative permittivity of layer 

m, where the source point z  is located. 2 2
x yk k k   is the parallel wavevector 

component. The function Fmj is essentially the z-component of the product of the electric 

dyadic Green’s tensor and the conjugated magnetic dyadic Green’s tensor, which are 

expressed as: 

     *
d d d, , , , , , , , ,E H

mj mj mj
zz

F k z z k z z k z z       g g      (2.12) 
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By substitution of the Weyl development of the dyadic Green’s function, the electric dyadic 

Green’s tensor is given as: 
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Similarly, the magnetic dyadic Green’s tensor can be written as: 
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where the unit vector for transverse electric (TE) and transverse magnetic (TM) are 

respectively defined as: 

 ˆ ˆˆj zj jk k k p z ρ          (2.15) 

ˆˆ  s θ           (2.16) 

where ρ̂ , θ̂ , and ẑ  are the unit vector in the polar coordinate system. zjk  is the z-

component wavevector in layer j and j jk c  . A and B denote the amplitudes of 

forward and backward waves due to a forward emitting wave from the source point z , and 

C and D denote the amplitudes of forward and backward waves due to a backward emitting 

wave from the same source point, which are shown in Figure 2.1. The superscript TE and 



 20

TM represent two different polarizations. The calculation of these amplitude coefficient 

requires recursive transfer method, which will be discussed in the next section. 

2.1.3 Recursive Transfer Matrix Method  

The continuity of parallel components of the electromagnetic waves at the layer 

interface is the key to determine the amplitude coefficients A, B, C, and D. Transfer matrix 

method is an efficient and conventional way to calculate these coefficients. However, due 

to numerical instabilities, Auslender and Hava [159] modified the transfer matrix method 

and proposed an improved method, called scattering matrix method, which is applied to 

near-field thermal radiation by Drevillon [160]. Francoeur et al. [33] gave detailed 

comparisons between transfer matrix method and scattering matrix method, where the 

potential limitation is also discussed in this work. A similar method proposed by Kovacs 

[161] solved the amplitude coefficients without using a matrix form, which could get rid 

of the singularity warning when inversing the matrix. The relation of the amplitude 

coefficient A between the incident waves and another random layer is written as follows: 

 1, , 1 1
1

expL
L L z L L

L

A
t ik z

A   

        (2.17) 

 
 
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, 1 1, , 1 1
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j j zj jj

j j j j l z j j

t ik zA

A r r ik z



   




 
     (2.18) 

 
011

0 01 1 1 11 exp 2L z

tA

A r r ik z


 
       (2.19) 

where 1j j jz z z    . The Fresnel reflection coefficient between a random layer and the 

bottom layer is expressed as: 
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 
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r r ik z

   

   

 


 
     (2.20) 

The relation of the amplitude coefficients between the forward waves and backward wave 

is given by  exp 2j j jL zj jB A r ik z   and 0 0 0 LB A r . Same relation could also be 

applied to calculate the amplitude coefficients C and D for the backward waves. 

2.1.4 Near-field Radiative Heat Transfer between Two Semi-Infinite Bulks 

A typical near-field geometric structure is two semi-infinite bulks separated by a 

vacuum gap with a distance of d, which is shown in Figure 2.2.  The temperatures of the 

two semi-infinite bulks are T1 and T2, respectively. The photon chemical potential emitted 

by medium 1 and medium 2 are also assigned as 1  and 1 , respectively. By simplifying 

Eq. (2.11), the net heat flux in z direction between medium 1 and medium 2 can be written 

as [2, 162]: 
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    (2.21) 

where j  is the energy transmission coefficient for each polarization, which can be 

calculated by [2, 162]: 
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  (2.22) 
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where 0k c  is the wavevector in vacuum and 2 2
0 0k k k    is the z-component 

wavevector in vacuum. Note that the symbol * represents the Hermitian transpose and Tr 

stands for trace operation. The Fresnel’s reflection coefficients matrix is written as: 

 

   

   

1,2 1,2

1,2 1,2 1,2

ss sp

ps pp

r r

r r

 
 
 
 

R        (2.23) 

The matrix M is defined as: 

 0
12

1 2
zik d

e


 Μ I R R        (2.24) 

where “-1” represent the inverse matrix operation. For an isotropic or a uniaxial anisotropic 

material, 0sp psr r  . The calculation of the transmission coefficients and Fresnel 

coefficients for isotropic and uniaxial anisotropic materials will be exhibited in each 

Chapter. 

2.1.5 Local Photogeneration Rate and Absorbed Power 

The introduced multilayer FE formalism can be applied to calculate photon 

exchange between any two layers in this 1D stratified medium. Dividing the radiative heat 

flux by the energy carried by single photon, the photo flux can be determined using Eq. 

(2.11). Therefore, the net photogeneration per unit area in layer j for a radiative energy 

converter with a 1D mesh can be expressed as: 

     
0

, , , ,
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j m m j j mj
m

G T T d


     




          (2.25) 
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The function mj  is the fraction of photons emitted at a given frequency from source layer 

m that is absorbed by layer j and vice versa. It can be calculated by subtracting the outgoing 

photons from the incoming photons. 
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
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    (2.26) 

Eq. (2.10) gives the general expression of the F unction. However, a simplified formulation 

can be found in Ref. [33, 79]. Note that   depends on the vacuum gap distance d, and is 

reciprocal, i.e., mj jm   . 

The rate of the net absorbed energy per unit area of the cell from the emitter (i.e., 

net heat flux) is calculated from [2] 

   
0

, , , , ( )
emitter diode

m m j j mj
m j

Q T T d      
            (2.27) 

2.2 Charge Transport within Radiative Energy Converters 

2.2.1 Drift-Diffusion Model 

Electrons and holes are the two types of charge carriers moving inside a 

semiconductor device. The conservation of charge number is prescribed by the continuity 

equations for electrons and holes expressed as [163, 164] 

e b
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t

n
J g r

e


   
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        (2.28)
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
       (2.29) 
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where n and p are the electron and hole concentrations, which are functions of time and 

space, e is the elementary charge, g is the net generation rate that is obtained by /j jG z  

in a given layer j, and br  is the (bulk) nonradiative recombination rate, which is the sum of 

the Auger recombination rate and the Shockley-Read-Hall (SRH) recombination rate, 

expressed respectively in the following [163, 165] : 

  2
Auger e h i( )r C n C p np n         (2.30) 

and       

2
i

SRH
h t,b e t,b( ) ( )

np n
r

n n p p 



  

       (2.31) 

In Eqs. (2.30) and (2.31), eC  and hC  are the Auger recombination coefficients for 

electrons and holes, in  is the intrinsic carrier concentration, e   and h  are the bulk 

lifetimes for electrons and holes, respectively, t,bn  and t,bp  are the electron and hole trap 

concentrations that are set to be the same as the in  in the modeling.  

The charge current densities, eJ  and hJ , are modeled in terms of drift and diffusion 

forces as follows 

e e eJ e n eD n             (2.32) 

h h hJ e p eD p             (2.33) 

where  e  and h  are the mobility of electrons and holes, respectively, and eD  and hD  are 

the diffusion coefficients, which are related to mobility according to Einstein’s relation  

B /D k T e  for each type of carrier. In Eqs. (2.32) and (2.33),   is the electrostatic 

potential, which obeys Poisson’s equation: 
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    0 A D/e N N n p             (2.34) 

where   is the dielectric constant of the cell material, 0   is the vacuum permittivity, and 

AN  and DN  are the acceptor and donor concentrations, respectively.  

Substituting Eqs. (2.25) and (2.30) through (2.33), into the three governing 

equations (2.28), (2.29) and (2.34) for prescribed conditions gives three differential 

equations in terms of the three unknown variables n, p, and  . Obtaining stable and 

converging solutions is not a trivial task especially with high injection [80]. Here, a finite-

difference method applying the Scharfetter-Gummel discretization scheme is used to solve 

the transient charge transport model with given boundary conditions and the initial guess 

obtained under the equilibrium condition [165-167]. This transient time-marching scheme 

allows the steady-state solutions to be obtained with relatively higher converging speed 

than directly solving the steady-state problem. This model considers both the majority and 

minority carrier concentrations, which provide detailed information beyond the depletion 

approximation typically used to determine the minority carrier concentrations in modeling 

PV and TPV devices [75, 76, 78, 91, 112, 168]. 

Boundary conditions for both sides of a p-n diode are required to solve the carrier 

transport equations. For a semiconductor device, the interface between semiconductor and 

metal is the most complicated part to model, which depends on material properties and 

operating conditions [169]. Surface passivation and selective contacts have often been used 

to boost the performance [170, 171]. Ohmic contact is assumed and simplified boundary 

conditions are used to describe the surface recombination[163, 169, 172]: 
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      e t e, t 0 tpJ z eS n z n z          (2.35)

     h t h, t 0 tpJ z eS p z p z           (2.36) 

      e b e, b 0 bnJ z eS n z n z           (2.37)

     h b h, b 0 bnJ z eS p z p z          (2.38) 

where e, pS , h, pS , e,nS , and h,nS  are the surface recombination velocities for electrons 

and holes in the p and n regions, respectively, and 0n  and 0p  are the carrier concentrations 

at equilibrium. Note that 0n  and 0p  are related to the intrinsic carrier concentrations and 

the acceptor concentrations (in the p-region) or the donor concentrations (in the n-region). 

zt and zb represents the location at the top surface of p-region and bottom surface of n-

region. 

The obtained electron or hole concentration is related to electron or hole quasi-

Fermi levels ( f,eE  or f,hE ) using the Boltzmann approximation: 

f,e i
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E E

n n
k T

 
  

 
        (2.39) 

or 

i f,h
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exp
E E

p n
k T

 
  

 
       (2.40) 

where iE  is the intrinsic Fermi energy. The quasi-Fermi levels obtained from Eqs. (2.39) 

and (2.40) are used to calculate photon chemical potential, 

f,e f,h( ) ( ) ( ),  t bz E z E z z z z           (2.41) 

The voltage-dependent power per unit area and conversion efficiency are given by 
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( ) ( )P V J V V         (2.42) 

and 

( ) ( ) / ( )V P V Q V          (2.43) 

The net heat flux Q depends on the photon chemical potential profile which, in turn, is a 

function of the bias voltage. 

2.2.2 Detailed Balance Analysis 

Detailed balance analysis was first applied by Shockley and Queisser to calculate 

the theoretical efficiency limit of a solar cell, which is also called Shockley-Queisser limit 

[173]. Same approaches can be transplanted to evaluate the performance of radiative 

energy converters, since they share the same mechanism of energy conversion. Two major 

assumptions are the key to implement the detailed balance analysis: the mobility of the free 

carriers inside the p-n diode is infinite; the intrinsic internal quantum efficiency is 100%, 

which means the complete photogeneration of all photons above the bandgap energy. In 

this way, the radiative energy converter is treated as a homogenous bulk without 

considering the spatial variation of optical and electrical processes. Therefore, the current 

density generated by the p-n diode is calculated as 

 pn pnJ e G R          (2.44) 

Here, pnG  is the net photogeneration rate in the active region per unit area and is calculated 

by the summation of every layer of the p-n diode: 

 pn j
diode

G G           (2.45) 
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 In Eq. (2.44), pnR  is the recombination rate per unit area that includes both bulk 

and surface recombination according to 

   Auger, SRH, s, Auger, SRH, s,pn p p p p n n n nR r r d R r r d R        (2.46) 

where dp and dn is the thickness of p- and n-region. In the detailed balance analysis, it is 

assumed that 0p p    and 0n n   , where   depends on the bias voltage and 

temperature according to [163, 173]: 

0 0 Bexp( / )pn p n Ve k T        (2.47)  

Equation (2.45) can be solved to obtain p and n either in the p-region or the n-region of the 

p-n diode, and then used to compute the bulk recombination rates from Eqs. (2.30) and 

(2.31).  

The surface recombination rates per unit area are given as [163, 165]  

2
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n n S p p S
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
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     (2.49) 

In the modeling, the surface trap concentrations are assumed to be the same as the 

intrinsic carrier concentration, i.e., t ,s t ,s in p n  . The surface recombination velocities 

are the same as those used in the iterative model. 

Substituting Eq. (2.44) into Eq. (2.42) gives the power generation per unit area, 

which is a function of the bias voltage. Then Eq. (2.43) is used to calculate the efficiency 

in the detailed balance analysis. However, in applying Eq. (2.25) to calculate the net 

photogeneration rate and Eq. (2.27) for the net absorbed energy rate, one may set the photon 

chemical potential either as a constant ( Ve  ) to approximate the luminescence effect or 
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as zero ( 0  ) to ignore the luminescence effect. In the detailed balance analysis, the 

photon transport and charge transport equations are decoupled and, therefore, they can be 

independently solved. In the Chapter 4, these two scenarios ( Ve   and 0  ) are used 

to compare with the solutions obtained from the iterative method in order to demonstrate 

the importance of considering the photon chemical potential as well as its spatial variation. 
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CHAPTER 3. NEAR-FIELD EFFECT ON THE DARK CURRENT 

OF THERMOPHOTOVOLTAIC CELLS 

This Chapter quantitatively analyze how near-field radiation affects the J-V 

characteristics of TPV cells. The difference between near-field dark current and far-field 

dark current highlights that near-field effects on the saturation current may lead to changes 

in diode parameters including dark current and open-circuit voltage. In the end, these 

effects can alter the modeling prediction of the output electric power and efficiency. It 

should also be noted that near-field radiative heat transfer calculations used in the standard 

method do not include the photon chemical potential and therefore may cause substantial 

error when the emitter is operated at relatively low temperatures. The theory and 

methodology in the previously mentioned modeling methods are overviewed with an 

emphasis on the modified direct method (MDM) algorithm and applicability. An ideal case 

with a blackbody emitter and cell is used to show the dependence of saturation current on 

the energy gap and temperature based on radiative recombination. The enhancement effect 

of evanescent waves on the saturation current for selected cells is then illustrated. The J-V 

curves for several TPV cells are plotted for various separation distances to further 

demonstrate the near-field effects. The error in the standard method without considering 

the distance dependent saturation current and chemical potential of photons is quantified 

based on a TPV device with a tungsten emitter and an In0.18Ga0.82Sb cell. The limitations 

of the current modeling methods are also discussed with an aim to point out future work 

that is needed to model realistic TPV cell performance.  
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3.1 Modeling Methods of Near-Field TPV devices 

For near-field TPV devices, different modeling approaches have been applied 

without examining their consistencies and discrepancies. Figure 3.1(a) shows a typical 

TPV device consisting of an emitter at a temperature of   and a cell at a temperature, 

separated by a distance d. The conventional method or standard method to model near-field 

TPV operation is based on the Shockley diode theory for far-field PV cells [163, 173-175] 

and has been extensively applied in modeling near-field TPV devices [73-76]. This method 

assumes that the operating current, denoted as curve D in Figure 3.1(b), can be modeled as 

a superposition of the dark current (curve B) and the short-circuit photocurrent ( scJ ). 

Zenker et al. [175] employed the photon chemical potential concept proposed by Würfel 

[42] to directly calculate the photocurrent under illumination without decoupling the effects 

of bias and illumination. The photon chemical potential enables the calculation of the bias-

dependent blackbody distribution according to modified Bose-Einstein statistics [5, 10, 

123]. This method has also been applied in analyzing TPV and other radiative energy 

conversion devices [9, 10, 88, 89, 129, 176]. Typically, the standard method uses a constant 

saturation current in the Shockley diode equation that does not depend on the separation 

distance between the emitter and cell, thereby assuming evanescent waves do not affect 

dark current. While the direct method makes no such assumption, neither the dark current 

nor other significant diode parameters are explicitly defined. Recently, Lin et al. [123, 177] 

analyzed an ideal photoconverter by making a connection between the standard method 

and the direct method in both the near- and far-field regimes. We call this method the 

modified direct method, since it can be derived from the direct method using Wien’s 

approximation. The use of the MDM allows the assessment of the standard method  
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Figure 3.1(a) Schematic of a near-field TPV device, where the emitter and cell are assumed 

to be semi-infinite in the modeling, separated by a vacuum gap of distance d. (b) Schematic 

of the current-voltage curves for a photodiode (TPV cell) in four cases: (A) far-field in dark 

conditions ( 1 2T T T  ), (B) near-field in dark conditions, (C) near-field under 

illumination, (D) near-field under illumination obtained from the standard method using 

the far-field saturation current. 
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commonly used in analyzing near-field TPV devices. As shown in Figure 3.1(b), if the 

near-field effect is considered, the saturation current   must be treated as a function of the 

separation distance that modifies the dark current curve from B to A as d is changed from 

the far field to the near field. Subsequently, the J-V curve is shifted from D to C and the 

open-circuit voltage is reduced. 

An overview of the standard method and the direct method is given in this section. 

Then the MDM based on Lin et al. [123, 177] is introduced and assessed in its applicable 

range. This allows a connection between the standard method and direct method for 

modeling ideal photoconverters. The drawbacks in the standard method typically used in 

modeling TPV cells are indicated. 

3.1.1 Standard Method 

For simplicity and to better contrast different modeling methods, we assume the 

TPV cell acts as an ideal photoconverter as defined in Ref. [163], which requires several 

assumptions: (a) the bulk material has an energy gap which separates states which are 

normally full from states which are normally empty; (b) all incident photons with energy 

larger than the bandgap are absorbed and generate exactly one electron-hole pair per 

photon; (c) only radiative recombination is considered; and (d) charge transport losses are 

negligible.  

 Based on the principle of detailed balance [173], it can be shown that the 

photocurrent is a summation of the short-circuit current (-Jsc) and the dark current Jdark, as 

shown in Figure 3.1(b) with Jsc being the absolute value. Note that presented herein, the 

currents (J) are actually current densities, normalized per unit area. A photovoltaic cell 

operates in the regime oc0 V V  , where ocV  is the open-circuit voltage. To analyze the 
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photodiode performance, it is common to express the J-V characteristics in the first 

quadrant of the J-V plot (using the magnitude of the photocurrent) as follows [163, 173, 

174]: 

 sc dark( ) ( )J V J J V          (3.1) 

The dark current is the current that flows through the cell as a function of voltage V in the 

absence of illumination when the emitter and cell are at the same temperature, as shown in 

Figure 3.1(b). Most photovoltaic cells have a diode-like behavior as described by the 

Shockley diode equation [173, 174],  

 dark 0
B

( ) exp 1
eV

J V J
k T

  
   

  
      (3.2) 

where 0J  is a positive quantity called the (reverse) saturation current, which is typically 

assumed to depend only on material properties, e is the electron charge, Bk  is the 

Boltzmann constant, and T is the temperature of the PV cell. The saturation current can be 

measured under a large negative bias in dark conditions. For real p-n diodes, 0J  includes 

contributions from the diffusion current 0,diffJ  in the p and n regions, current in the 

depletion region (space charge region) 0,scrJ , and radiative recombination current 0,radJ . 

Generally, for indirect gap materials like silicon, the diffusion of minority carriers 

dominates the dark current characteristics, allowing the saturation current to be 

approximated as [163, 174] 

2 2
ei i h

0 0,diff
e hA D

Dn n D
J J e

N N 
 

    
 

     (3.3) 
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where A D i,  ,  and N N n  represent the concentrations of acceptors, donors, and intrinsic 

carriers, respectively, and e,hD  and e,h  are the diffusion coefficient and relaxation time 

of electrons or holes in p or n regions, respectively. Equation (3.3) may be a proper 

approximation of the saturation current for a far-field TPV cell with a p-n junction 

structure. It has been applied for the analysis of near-field TPV devices by a number of 

researchers [73-76]. Nevertheless, the relation between the three components of saturation 

current is more complicated for a near-field TPV cell. In the scenario with an ideal 

photoconverter, only radiative recombination contributes to the dark current. 

An ideal photodiode assumes 100% quantum efficiency signifying that every 

absorbed photon whose energy is above the bandgap will generate one electron-hole pair 

with perfect charge separation and deliver an electron to an external circuit [173]. In this 

case, the short-circuit photocurrent scJ  is the current through the circuit without an external 

load and is given by [74-76] 

 
g
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sc 0 1 2 max2

( , ) ( , ) ( , )
4

e
J k T T d


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      (3.4) 

where g g /E    is the frequency corresponding to the bandgap energy gE  with   being 

the reduced Planck constant, 0 /k c  is the free space wavevector with c being the speed 

of light in vacuum,  B
1/( , ) e 1k TT  


   is the Bose-Einstein distribution, 1T  and 2T  

denote the temperature of the source (or emitter) and the TPV cell, respectively, and   is 

the spectral transmission coefficient defined by 
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where   is the mode transmission coefficient or photon tunneling probability (in the case 

with evanescent waves) for a given polarization (s or p), 2 2 2
x yk k k   is the parallel 

component of the wavevector, with the coordinate system shown in Figure 3.1(a), and 

max  is the upper limit of integration. The transmission coefficient can be calculated using 

FE for given emitter and cell temperatures and dielectric functions [2, 22, 78, 178]. 

Equation (3.4) can be used to calculate the short-circuit current for both near- and far-field 

TPV operation. For the far-field case, only propagating waves should be included, which 

can be done by setting max 0k  . In the near-field case, evanescent waves must be 

included so that max   . However, in practical calculations, an upper limit is often set 

in the numerical evaluation of the integral [179]. 

Under illumination, the TPV cell achieves the maximum potential difference when 

the circuit is cut off. This is called the open-circuit voltage, which is computed by setting 

oc( ) 0J V   in Eq. (3.1) so that sc dark oc( )J J V . By using Eq. (3.2), we have 

scB
oc

0

ln 1
Jk T

V
e J

 
  

 
       (3.6) 

The output electric power (per unit area) of the TPV cell is the product of the current and 

voltage of the load, which under an ideal situation is the same as the voltage across the p-

n diode, as illustrated in Figure 3.1(a). It can be calculated by Eq. (2.42). 

The net radiant power received by the TPV cell per unit area or net heat flux from the 

emitter to the receiver is calculated by [78, 178] 

  2
0 1 2 max2 0

1
( , ) ( , ) ( , )

4
Q k T T d    




        (3.7) 
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Note that the radiative heat transfer includes photons at frequencies both higher and lower 

than the bandgap. For radiative heat transfer between two blackbodies, we have 

max( , ) 1   , and Eq. (3.7) reduces to the conventional formula governed by the Stefan-

Boltzmann law. The conversion efficiency of the TPV cell as a function of operating 

voltage can be calculated from Eq. (2.43), which can be optimized with matching load 

conditions to maximize the output power maxP  or the conversion efficiency max  at certain 

voltage [75, 123]. 

3.1.2 Direct Method 

Unlike the standard method, the direct method does not separate the effects of bias 

and illumination into dark current and short-circuit photocurrent. By using the modified 

Bose-Einstein distribution to include the chemical potential of photons [1, 123], the direct 

method describes the photon exchange process under bias and illumination simultaneously. 

The typical Bose-Einstein distribution (without chemical potential) for emitted photons is 

only valid when the emitting material is at thermodynamic equilibrium. A TPV cell under 

bias, however, is in a non-equilibrium state. Würfel [1] analyzed this case by assigning the 

photon distribution a chemical potential  , which is related to the difference in electron 

and hole chemical potentials or quasi-Fermi levels. In a TPV device, this chemical potential 

in the space charge region is given by eV  . The emitted photons from a photodiode 

can be described by the modified Bose-Einstein distribution [5], which is already shown in 

Eq. (2.10). Similar to the short-circuit photocurrent calculation in the standard method, the 

general form of J-V characteristics for both near- and far-field TPV cells may be described 

using the modified Bose-Einstein distribution as follows [88, 176]: 
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since only the photons from the TPV cell carry chemical potential eV  . Note that a 

100% internal quantum efficiency is assumed in the calculation. The net radiative heat 

transfer between the emitter and the cell must also be modified so that it depends on the 

chemical potential 

        2
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1
, ,0 , , ,
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Q V k T T d      




         (3.9) 

Equations (2.42) and (2.43) are still valid to calculate the output electric power and 

corresponding efficiency of TPV cells. Notice that Eq. (3.9) should be used as the 

denominator in the efficiency calculation since the net heat flux is a function of the bias 

voltage. Although the direct method makes no assumptions about the dark current behavior 

of the TPV cell, it also does not separately specified diode parameters such as saturation 

current and open-circuit voltage. This makes it difficult to clearly analyze the influence of 

operating conditions such as separation distance, bias, and temperatures of the cell and 

emitter. 

3.1.3 Modified Direct Method (MDM) 

The standard and direct methods may be connected through the use of Wien’s 

approximation when describing the photon exchanges. This MDM provides a linkage 

between the standard method and the direct method. Wien’s approximation was originally 

proposed to describe the complete spectrum of blackbody radiation, but it fails to give an 

accurate description of the distribution at low frequencies. Statistically, Wien’s formula 

uses the Boltzmann distribution to approximate the Bose-Einstein distribution [2, 123]. 
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When B 1,k T   we see that  1 B 1( , ,0) exp /T k T    . Furthermore, when 

B( ) ,k T    we have 
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     (3.10) 

If Wien’s approximation is applied to the direct method, Eq. (3.8) is reduced to [123, 177] 
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The first term on the right-hand side is the short-circuit photocurrent scJ , given in Eq. 

(3.4), under Wien’s approximation. The second term on the right-hand side has the same 

form as Eq. (3.2), which is the dark current of the TPV cell, when the saturation current is 

dominated by the contribution from radiative recombination, i.e., 

  B 2

g

/2
0 0,rad 02

, e
4

k Te
J J k d


 


           (3.12) 

Subsequently, we can express the dark current given in Eq. (3.2) as follows:  

  dark 0,rad
B 2

exp 1
eV

J V J
k T

  
   

  
       (3.13) 

This is essentially the Shockley diode equation when radiative recombination dominates 

the saturation current rather than diffusion. Equations (3.11) to (3.13) suggest that the direct 

method and the standard method are related under Wien’s approximation, as long as the 

saturation current is calculated according to Eq. (3.12). Shockley and Queisser [173] 

originally determined the corresponding dark current expression for a far-field photodiode 

using a similar formulation.  
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Before these approximations can be applied, it is important to understand their 

limitations. For B 13k T  , the Boltzmann distribution yields approximately 5% error 

compared to the Bose-Einstein distribution. For further analysis, let us assume a maximum 

tolerance of 5% at g   as the acceptable criterion. The resulting error after the 

integration is generally much smaller than 5%. For example, with an emitter at temperature 

1T 1000 K, its thermal emission can be described with Wien’s approximation within 5% 

error for photon energies higher than 0.26 eV. Since we are only interested in photons with 

energy higher than the bandgap for electricity generation, 0.26 eV corresponds to the 

minimum cell bandgap that can be analyzed with such an emitter. Similarly, if the cell 

temperature is 2T  = 300 K, the minimum value of (   ) that can be analyzed is about 

0.08 eV, which will occur for the lowest   (corresponding to the bandgap energy) and 

highest   (corresponding to the open-circuit voltage). If we use a material with a bandgap 

of 0.26 eV, the corresponding open-circuit voltage should be lower than 0.18 V for 5% 

maximum error at ocV . In general, it is safe to apply Wien’s approximation for the situation 

of higher bandgap materials and lower temperatures of the TPV cell and emitter. Since the 

operating voltage is taken as the voltage corresponding to the maximum efficiency or 

output power, the resulting error in the MDM is usually negligibly small once the above 

criteria are satisfied. 

It must be noted that, according to Eq. (3.12), the saturation current depends on the 

spectral transmission coefficient and hence is a function of separation distance, especially 

in the near-field regime. This is one of the main points of the present study. Notice that the 

net radiant power received by the cell should still be calculated with Eq. (3.9) without using 

Wien’s approximation since the lower limit of the integration is at 0  .  
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Next, we can use Eqs. (2.42) and (2.43) to compute the output power and efficiency, 

respectively. While the MDM is an approximation of the direct method, it allows the 

evaluation of the dark current in both the far- and near-field regimes and enables the study 

of the near-field effect on other diode performance parameters. For example, we can also 

derive an analytical expression of the open-circuit voltage based on the diode equation, Eq. 

(3.6), to obtain 
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In terms of the photocurrent calculation, the standard method and the MDM are 

essentially the same for an ideal photoconverter as long as the radiative recombination 

current is properly accounted for as a function of separation distance. However, this was 

not typically done in the standard method as mentioned previously, since the near-field 

effect on the saturation current has never been investigated. Furthermore, as to be discussed 

later, when the emitter temperature is not very high, Eq. (3.9) must be used to properly 

calculate the net heat flux. This has not been properly taken into consideration in the 

literature when applying the standard method. 

3.2 Result Comparisons of Three Modeling Methods 

A schematic of the TPV system under consideration is shown in Figure 3.1(a). The 

cell temperature is maintained at 300 K. Depending on the operating condition, the emitter 

temperature is either 1000 K for illumination or 300 K for dark conditions. A reference 

case of a blackbody emitter and blackbody cell is first used to show the relation between 

diode parameters and bandgap. Results for real materials are normalized to this reference 
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case in order to indicate the effect of evanescent waves on different diode parameters. The 

cell materials (with optical properties given in the corresponding references) examined are 

InAs [93] and In0.18Ga0.82Sb [180, 181] for low direct bandgap cells and Si [181, 182] for 

a higher indirect bandgap cell. For the emitter material, we examine two different cases for 

each cell: an emitter made of tungsten [181] and an emitter made of the same material as 

the cell. For an ideal photoconverter, only the radiative recombination component exists in 

the saturation current, i.e., 0 0,radJ J . In the following, the standard method refers to the 

case when 0,radJ  is treated as a constant based on the far-field result and Q is calculated 

from Eq. (3.7) without considering photon chemical potential. On the other hand, the MDM 

treats 0,radJ  as a function of separation distance based on Eq. (3.12), while Q is calculated 

from Eq. (3.9) which includes the effect of photon chemical potential of the cell. The effect 

of diffusion contributions and other non-idealities will be discussed near the end of this 

section. 

3.2.1 A Reference Blackbody Case 

A TPV device with a black emitter and cell is an idealized device that may serve as 

a reference case when we study the effect of evanescent waves on diode parameters. Using 

the MDM, the transmission coefficient is 1 for both s and p polarization 1s p    

because both objects are treated as blackbodies. Furthermore, when the contributions of 

the two polarizations are included, we see that the spectral transmission coefficient 

0( , ) 1k   by setting max 0k   in Eq. (3.7). After some lengthy derivations, we can 

show that the four diode parameters are expressed as follows: 
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Here, g Bi ix E k T , where i = 1 or 2 for the emitter or cell, respectively, and 
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In this case, the saturation current is a function of cell material bandgap and cell 

temperature. It should be noted that the exponentially decaying trend, i.e., 

 0 B( )exp /gJ A T E k T  , has been theoretically obtained considering charge diffusion 

[174] and experimentally demonstrated for semiconductor photovoltaic cells [183]. The 

relation between the saturation current and the bandgap of the cell material is shown in 

Figure 3.2 for a cell temperature of 300 K. In the y-axis label, 0bJ  stands for saturation 

current due to radiative recombination between a blackbody emitter and cell. The 

exponential decrease of the saturation current as the bandgap increases is clearly shown. 

The saturation current can also be interpreted as the total emission due to radiative 

recombination under dark conditions without any bias. The vertical dashed lines indicate 

the bandgap energies for three semiconductors. Compared to a higher bandgap material 

like In0.18Ga0.82Sb or Si, an InAs cell emits more photons above the bandgap because of its 

lower bandgap energy. Since the quantum efficiency is taken as 100%, these photons 
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represent more electron-hole pairs recombining and contributing to the saturation current. 

The reference values for blackbodies provided here will be used in normalizing the 

saturation current for real materials. 

 

Figure 3.2 Saturation current vs bandgap energy if the emitter and cell are assumed to be 

blackbodies at 300 K. The three vertical lines indicate the bandgaps for InAs (0.36 eV), 

In0.18Ga0.82Sb (0.56 eV), and Si (1.1 eV).  
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Figure 3.3 Normalized saturation current calculated by the MDM as a function of the 

separation distance for (a) a tungsten emitter and (b) an emitter made of same material as 

the TPV cell. 
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3.2.2 Dark Current 

The effect of evanescent waves on saturation current is calculated using the MDM 

and shown in Figure 3.3(a) for a tungsten emitter and Figure 3.3(b) for an emitter made of 

the same material as the TPV cell. The saturation current is normalized to the ideal 

blackbody case and plotted as a function of the separation distance. In general, the 

saturation current increases as the separation distance decreases. The highest enhancement 

ratio of saturation current over the blackbody case is about 30 at a 10 nm separation 

distance, which demonstrates that using a constant saturation current in the standard 

method is inappropriate for modeling near-field TPV systems. Note that wave interference 

effects inside the vacuum gap are manifested as oscillations even after integration when 

the separation distance is on the order of the dominant wavelengths, resulting in the wavy 

features between d = 0.1 μm and 10μm, depending on the bandgap. The near-field 

enhancement of saturation current is greater for the emitter made of the same material as 

the cell than when for the emitter made of tungsten. This results from a larger near-field 

transmission coefficient when the optical properties of the emitter and cell match each other 

[178].  

Figure 3.4 illustrates the effect of the evanescent waves on dark current under 

forward bias for both types of emitters, which is again computed with the MDM. As a 

result of the variation of the saturation current, the J-V characteristics are also affected by 

the separation distance. For a given bias voltage, the dark current increases by orders of 

magnitude when the separation distance is reduced from the far-field regime to the near-

field regime. Physically, this arises from the increased radiative recombination associated 

with photon tunneling when evanescent waves are taken into consideration. Among these  
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Figure 3.4 Dark current-voltage characteristics of different cell materials and separation 

distances calculated by the MDM for (a) a tungsten emitter and (b) an emitter made of 

same material as the TPV cell. 

three materials, the dark current for an InAs TPV cell exhibits the largest currents at the 

lowest voltages because of its relatively low bandgap energy, as discussed previously. The 

consideration of near-field effects on dark current is crucial to the analysis of a TPV cell 

when using a superposition method. However, the near-field enhancement on the short-
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circuit photocurrent will also influence the performance of a TPV cell. It should be noted 

that since the chemical potential under zero bias is zero, all three methods are consistent in 

calculating scJ  as long as Wien’s approximation is valid. 

3.2.3 Current and Voltage under Illumination 

Figure 3.5 displays the J-V curves under illumination calculated using both the 

standard method and the MDM at separation distances of 10 nm, 100 nm, and 1 mm (far 

field), for the three types of TPV cells with either a tungsten emitter or an emitter made of 

the same material as the cell. It should be noted that here the J-V curve is plotted in the first 

quadrant according to Eq. (3.1), corresponding to the fourth quadrant in Figure 3.1(b). Of 

the six TPV systems examined, the InAs TPV cells with the lowest bandgap energy give 

the largest photocurrent, especially when the emitter is made of the same material as the 

cell. On the other hand, since Si has the highest bandgap, when the emitter is at 1000 K, 

the photocurrent is the smallest among the three materials studied. Because the 

contributions from evanescent waves increase the short-circuit photocurrent, the current 

increases significantly from the far field to the near field, especially as the separation 

distance is reduced to 10 nm. The difference between the two modeling methods is 

significant, which quantitatively indicates that the constant saturation current assumption 

used in the standard method is inappropriate in the near field. Moreover, with the W-InAs 

TPV system shown in Figure 3.5(a), the open-circuit voltage predicted by the standard 

method in the near-field cases exceeds 0.36 eV, the bandgap of InAs; this suggests that 

neglecting near-field effects may lead to nonphysical results. 
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Figure 3.5 Current-voltage characteristics of TPV cells under illumination using the 

standard method and MDM for the corresponding separation distance. (a,b,c) are for a 

tungsten emitter, while (d,e,f) are for an emitter made of the same material as the cell. 
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Figure 3.6 Open-circuit voltage vs separation distance calculated by the MDM for the three 

selected cell materials, when the emitter is made of tungsten (solid lines) or the same 

material as the cell (dashed lines). 

The open-circuit voltage is shown directly as a function of separation distance in 

Figure 3.6 using the MDM. According to Eq. (3.15), open-circuit voltage is proportional 

to the ratio of the number of photons emitted from the source to that emitted from the cell. 

Generally speaking, the open-circuit voltage is not strongly affected by near-field 

operation, because evanescent waves have a comparable contribution to photon emission 

from both the emitter and the cell. A tungsten emitter gives a higher open-circuit voltage 

compared to an emitter made of same material as TPV cell. This phenomenon is more 
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pronounced for TPV cells made of lower bandgap materials because of the larger ratio of 

emission from the emitter to the emission from the cell when a lower energy range of the 

spectrum is considered. Interference effects are also present as observed for the saturation 

current and discussed in the previous section. 

3.2.4 Output Electrical Power, Total Absorbed Energy, and Efficiency 

As the J-V curves in Figure 3.5 indicate, the standard method may result in an 

overprediction of the maximum output power, which is the optimal area under the J-V 

curve. The differences in the calculated maximum output power, net radiative power 

received, and maximum efficiency between the standard method and the MDM are shown 

in Figure 3.7(a), (b), and (c), respectively, as functions of the separation distance. This TPV 

system uses a tungsten emitter at 1000 K and an In0.18Ga0.82Sb cell at 300 K. It should be 

mentioned that the error of using the MDM compared with the exact calculation using the 

direct method is negligibly small. At large separation distances or in the far field, the 

standard method agrees with the MDM in terms of the maximum output power as shown 

in Figure 3.7(a). The difference becomes larger as the distance is reduced to the near-field 

regime, especially towards the nanoscale. As discussed previously, the use of a constant 

far-field saturation current with the standard method is inaccurate in the near field. For 

example, at d < 25 nm, the standard method may significantly overpredict the maximum 

output power by more than 20%. 

There is a difference in the calculation of net radiant power received by the TPV 

cell between the standard method and the direct method. Note that the MDM uses exactly 

the same equation as the direct method in calculating the radiative heat transfer. Because 

the standard method does not consider the effect of the photon chemical potential for the  
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Figure 3.7 Comparison of the standard method and MDM for a tungsten emitter and 

In0.18Ga0.82Sb TPV cell, where the error indicates the relative difference (absolute value) 

between the standard method and MDM: (a) maximum output power; (b) net heat flux; (c) 

maximum conversion efficiency. 
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cell, this could cause an error even in the far-field calculations as shown in Figure 3.7(b) 

for the operating voltage corresponding to the maximum output power. Since the operating 

voltage is comparable to the bandgap energy (0.56 eV), nonequilibrium effects factor 

strongly into the modified Bose-Einstein distribution given by Eq. (11), which influences 

the term 2( , , )T   in Eq. (13). For both the near- and far-field regimes, a 1-3% modeling 

error can exist when the TPV cell operates at its maximum output power. However, when 

the emitter is at a relatively low temperature and the cell has a relatively low bandgap (e.g., 

InAs cell), this error could be much larger. Therefore, taking photon chemical potential 

into consideration may be necessary to accurately predict the radiative heat flux and 

thereby the efficiency. 

The maximum efficiency, which is calculated based on the maximum power output, 

is plotted in Figure 3.7(c) for both methods along with the relative error of the standard 

method. In the far-field regime, the difference is approximately 2.3% due to the error 

caused by the net heat flux calculation without considering chemical potential effect. In the 

near-field regime, the difference in efficiency between the two methods is dominated by 

the difference in maximum output power. Obviously, the standard method with a constant 

saturation current is not appropriate in the near field, since it has more than 20% error at d 

= 10 nm. 

When TPV cells are operated at nanoscale distances from a thermal emitter, the 

constant saturation current approximation in the standard method is no longer valid. The 

MDM connects the direct method with the standard method and provides a more 

generalized method to model TPV systems for both near- and far-field operation. Using 

the MDM, we have demonstrated the effect of evanescent waves on the saturation current 
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by radiative recombination for ideal photoconverters with different bandgaps. The J-V 

curves under dark and illumination conditions, as well as the maximum output power and 

efficiency, are also affected by evanescent waves in the near-field regime. The standard 

method using a distance independent saturation current may yield considerable error when 

modeling near-field TPV systems. Our results improve the fundamental understanding and 

should aid in the design of near-field TPV systems 
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CHAPTER 4. SPATIAL PROFILE OF PHOTON CHEMICAL 

POTENTIAL IN NEAR-FIELD THERMOPHOTOVOLTAIC 

CELLS 

This Chapter describes an iterative method that combines fluctuational 

electrodynamics (FE) with the full drift-diffusion model to solve the coupled charge and 

photon transport equations. The focus is on the determination of the impact of the photon 

chemical potential on the performance of the TPV devices. By comparison of the solution 

using the iterative method with that using the detailed balance approach based on a constant 

(or zero) photon chemical potential, the error caused by these assumptions can be 

quantified for different TPV devices. Two InAs near-field TPV cells with different 

thicknesses are selected as examples to illustrate the profile of photon chemical potential 

and when the assumption of a constant value may break down. The effects of injection 

level and surface recombination on the width and band structure of the depletion region are 

examined. For both the thin and thick TPV devices, the current density and conversion 

efficiency are calculated as functions of the bias voltage using the iterative method as well 

as the detailed balance approach (with or without a constant photon chemical potential) to 

demonstrate the significance of photon chemical potential on the performance of near-field 

TPV devices. 

4.1 Iterative Solver of the Photon-Charge Coupled Models 

Near-field TPV systems hold promise for energy harvesting due to the greatly 

enhanced power throughput with a potential improvement in conversion efficiency [22]. 
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Most early studies on TPV devices did not consider the effect of luminescence from the 

TPV cell [73, 75, 184], or used simplified models for the radiative recombination [74] as 

well as reabsorption (also called photon recycling) [76]. The consideration of radiative 

recombination and reabsorption is an approximate approach of treating luminescence and 

photon recycling effects without explicitly using photon chemical potential in the Bose-

Einstein statistics [79, 185]. External luminescence also affects the net radiative transfer 

rate between the emitter and the cell, especially when the emitter is at moderate 

temperatures [86, 88, 89, 123]. These studies used a direct modeling method for photon 

exchange between the emitter and the cell by assuming a spatially uniform photon chemical 

potential that is equal to the elementary charge (e) times the operating voltage (V); 

furthermore, the detailed balance approach was applied to calculate the carrier 

concentrations and thus the recombination rates. Feng et al. [81] illustrated the near-field 

effect on the dark current due to the modified saturation current in the near-field regime 

under the same assumptions. When the photogeneration rate is very high, the injected 

concentration could be comparable to or higher than the doping concentration. As shown 

by Blandre et al. [80] based on the full drift-diffusion model, the quasi-Fermi levels split 

nonuniformly within the active region of the cell. However, their study used a radiative 

recombination model to treat the luminescence effect without considering photon recycling 

and the effect of photon chemical potential on the net radiative heat transfer. 

Following the modeling methods of the photon transport and charge transport in a 

radiative energy converter in Chapter 2, an iterative solver of the photon-charge coupled 

models is developed with a calculation example of a near-field InAs TPV device. A typical 

near-field TPV device consists of an emitter and a cell with an electric circuit, as shown in 
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Figure 4.1 for a 1D multilayer structure. There are L + 1 layers: m = 0, 1, … L, and the end 

regions are assumed to be semi-infinite. A nanoscale vacuum gap (d) separates the emitter 

and the cell. While the method presented here is general, an InAs p-n junction is chosen as 

the active region due to its narrow bandgap (Eg = 0.354 eV at room temperature) and high 

quantum efficiency [186, 187]. The p-doped and n-doped InAs layers with thicknesses dp 

and dn are subdivided by a nonuniform mesh to determine the local photogeneration rate 

and to solve the charge transport equations. Both sides of the p-n junction are partially or 

completely coated with metal films acting as electrodes. The backside Au coating thickness 

dAu is chosen to be 100 nm to improve the efficiency through reflection of sub-bandgap 

 

Figure 4.1 Schematic of an InAs TPV cell with an ITO coated tungsten emitter. 
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photons while serving as the back electrode [112]. The front metal grid is ignored in the 

model due to low shading area. An ITO thin film is coated on a semi-infinite bulk tungsten  

as a frequency-tunable Drude emitter, which can be optimized to match the bandgap of 

InAs to enhance the photogeneration rate [88]. The thickness of the ITO film is fixed to 

dITO = 30 nm for optimized performance according to [8]. 

Since the profile of photon chemical potential is an input in Eqs. (2.25) and (2.27), 

the photon and charge transport equations are coupled. A general iterative solution 

algorithm is outlined here. To begin with, an assumed profile of photon chemical potential 

is used to calculate the photogeneration profile in the cell according to FE. Then, the quasi-

Fermi level split is found by solving the semiconductor charge transport equations with the 

calculated photogeneration profile. This process yields an updated profile of the photon 

chemical potential. These steps are repeated until the specified convergence criteria are 

met. In the present modeling, it is assumed that the emitter and the cell are each at thermal 

equilibrium with specified temperatures Te and Tc. This iterative solution method was also 

introduced and validated by Callahan et al. [82] using an open-source solver [172] of the 

charge transport equations and extended further to the study of other radiative energy 

converters. 

The general procedure of this iterative solver is described in the following. 

1. Initialization. Specify the device parameters, such as geometry, vacuum gap, 

the emitter and cell materials and their electrical and optical properties. The intrinsic, 

donor, and acceptor concentrations and recombination coefficients are also needed for the 

charge transport calculations. A suitable mesh size must be chosen especially for the cell 

regions. 
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2. Specification. Specify a bias voltage, V as the boundary condition. As a default, 

set V = 0 (short-circuit case) to begin. 

3. Trial input. Set the photon chemical potential (z) = 0 everywhere. This serves 

as the algorithm's initial input of the chemical potential profile. 

4. Photogeneration calculation. Obtain the photogeneration profile based on Eq. 

(2.25) using the recursive transfer approach under the framework of FE for specified 

chemical potential profile (z). Note that the obtained generation rate is assumed to be 

uniform within each layer  ( 3,... 2)jz j L   . This is exactly what is needed in the 

numerical solution of the charge transport equations.  

5. Charge transport solution. Solve the charge transport equations using the 

photogeneration profile obtained from the previous step to obtain the steady-state solution. 

Doing so will yield values f,eE  and f,hE  and thus an updated (z) according to Eq. (2.41). 

6. Iteration. Repeat steps 4 and 5 until the convergence criteria are met. In the 

present study, an upper limit (10–5) in the relative difference between the photogeneration 

rate and an upper limit (10–7 eV) in the absolute difference between the photon chemical 

potential are used in combination to yield satisfactory convergence within reasonable 

computational time. 

7. Current and power outputs: The current density in the circuit for the given bias 

voltage can be calculated using e hJ J J   in the junction since the current density is the 

same around the circuit at steady state. 

The above procedure yields the complete solution that can be used to evaluate the 

performance of the TPV device at a certain forward bias voltage. The J-V curve are 

produced by repeating steps 2-7 with appropriate increment in V from the short-circuit 
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condition (V = 0) to the open-circuit condition when J = 0. Some trial-and-error are needed 

to determine the open-circuit voltage (Voc) by refining the step size. It takes about 2-3 days 

to run a J-V curve for a given case with a dual eight core XEON E5-2687W 3.1GHz 

workstation using parallel computing. It should be noted that the inclusion of chemical 

potential in the photogeneration and radiative heat transfer based on fluctuating 

electrodyanmics has taken into account the luminescence and photon recycling effects [79]. 

4.2 Analysis of Two Near-Field InAs TPV Devices 

A simple analysis is given first to illustrate the effect of photon chemical potential 

without using the iterative solution or the detailed balance approach. Then, two InAs cells 

with different thicknesses are modeled with the iterative method and compared with the 

detailed balance analysis under either a constant or zero photon chemical potential 

assumption. 

4.2.1 Simple Analysis of the Luminescence Effect in TPV Cells 

The photon chemical potential is the characteristic parameter for the luminescence 

effect in TPV cells operating in either the far field or the near field. This can be evaluated 

by comparing the difference in net radiation exchange between the emitter and cell with 

and without a constant chemical potential applied to the cell. The most important photons 

for semiconductor materials are those close to the bandgap energy. For a simple analysis, 

one may consider photons at the frequency g. A relative error g in the net radiation 

exchange for photons at the bandgap energy is introduced to estimate the significance of 

photon chemical potential on the radiative energy exchange: 
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Figure 4.2 (a) The error due to neglecting photon chemical potential in radiation exchange 

as a function of photon chemical potential for various emitter temperatures; (b) the contour 

plot of the relative error in a -Te plane. 
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    (4.1) 

where Te and Tc are the temperatures of the emitter and cell, respectively, Qg is the spectral 

radiation exchange between the emitter and cell at g, and c  (< Eg) is the photon chemical 

potential of the cell and is taken as a constant. Note that Eq. (3.1) is applicable to both the 

far-field and the near-field regimes. For a cell with given temperature and bandgap, the 

relative error will increase if the emitter temperature Te decreases or if the photon chemical 

potential c  increases. 

Taking InAs as the cell with Eg = 0.354 eV at Tc = 300 K, the effect of photon 

chemical potential is shown in Figure 4.2(a) for various emitter temperatures. The error in 

the radiation exchange between the emitter and cell due to neglecting the photon chemical 

potential exponentially increases as the photon chemical potential increases. On the other 

hand, if the emitter temperature is higher, a larger photon chemical potential may be 

tolerable with the same error bound. This can be seen clearly in Figure 4.2(b) which plots 

the constant g curves. For a given emitter temperature, the photon chemical potential must 

be small enough such that the error due to neglecting the photon chemical potential is below 

the error bound indicated by each curve. It should be noted that in a real TPV cell, the error 

in the total radiation exchange would be somewhat lower than g since the effect of c 

decreases as the frequency increases.  

This simple analysis can be applied to semiconductors with different bandgaps. In Figure 

4.3, the 10% error curves are displayed for five common semiconductor materials 
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Figure 4.3 The 10% error criterion for various semiconductor materials whose bandgap 

values are shown in parentheses. 

(whose bandgap values are indicated in the figure) at Tc = 300 K. In order to maintain an 

error smaller than 10%, the photon chemical potential must not exceed certain values for a 

given Eg. Clearly, the photon chemical potential plays an important role, especially when 

the emitter is at moderate temperatures and the cell’s bandgap is relatively small. While 

this simple analysis provides an intuitive suggestion about whether the iterative solution is 

necessary, it cannot quantify the actual luminescence effect. It will be shown in Sec. III.C 

that sometimes even though the photon chemical potential varies little throughout the p-n 

junction regions, its value may deviate from the product Ve. 
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4.2.2 Parametrization of the Near-Field InAs Devices 

Two near-field InAs TPV devices with different geometric structures are 

considered in this work. In the following, the emitter (layers m = 0 and 1) is assumed to be 

at a uniform temperature Te = 900 K; the active region of the cell (layers m from 3 to L – 

2), the Au coating (layer m = L – 1), and air (layer m = L) are assumed to be at Tc = 300 K. 

The vacuum spacing is set to be d = 10 nm, which is sufficiently small to establish a high-

injection level in the n-region. The dielectric function of tungsten is taken from the room 

temperature values [181] without considering temperature dependence. The dielectric 

function of InAs is obtained from Ref. [181] without considering the free-carrier 

contributions. Free-carrier contributions were included by Milovich et al. [187] using a 

Drude term, but this is not the main focus of the present study. The dielectric functions of 

ITO and Au are modeled by a Drude model 2 2
p( ) / ( )i         to account for 

free-electron contributions [2]. For ITO: 4  , 15
p 1.52 10  r / ad s   , and 

 
141.52 10 rad/s   [8]; for Au:  

16
p1, 1.37 10 r , ad/s      and 13.31 10  r5 ad/s    

[112]. The effects of temperature and lattice vibration on the dielectric function of ITO are 

neglected.  

To model the InAs cell, the acceptor and donor concentrations are set to 

17 3
A 8 10  cmN    and 16 3

D 2 10  cmN    in this study.  The intrinsic concentration is 

14 3
i 6.06 10  cmn    for InAs at room temperature. For the bulk recombination, the 

following parameters are used: 27 6 1
e h 2.26 10  cm sC C      and e h 100 ns    

[188]. 
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A Caughey-Thomas-like model is used to describe the electron and hole mobilities 

depending on temperature and doping concentration [189]. This low-field mobility model 

is expressed as 

    

  
1

2

max min
minA,D

refA,D

300
,

1 ( / 300)
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N T

N N T


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 
 


 

   

   (4.2) 

 

Table 4.1. Parameters of InAs cells used in the present study. Note that the band gap is 

0.354 eV at 300 K and the equilibrium concentration is 14 3
i 6.06 10  cmn   .  

 p-region n-region 

Thicknesses of the 
thin cell (nm) 

200 200 

Thicknesses of the 
thick cell (nm) 

400 5000 

  

Electron 

 

Hole 

 

Electron 

 

Hole 

N  ( 3cm  ) -- 17
A 8 10N    16

D 2 10N    -- 

  ( 2 1 1cm V s   ) e 18300   h 166   e 26800   h 370   

  (ns) n 100   p 100   n 100   p 100   

C ( 6 1cm s ) 27
e h 2.26 10C C     27

e h 2.26 10C C     

S (  
1cms )       

(Thin cell) 
e,p 100S   h,p 10000S   e,n 10000S   h,n 100S   

S (  
1cms )     

(Thick cell) 
e,p 100000S   h,p 100000S   e,n 100000S   h,n 100000S   
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The parameter values for InAs are taken from [189]. For electrons, 2 1 1
min 1000 cm V s  

, 2 1 1
max 34000 cm V s   , 18 3

ref 1.1 10  cmN    , 1 1.57   , 2 3.0  , and 0.32  ; 

for holes, 2 1 1
min 20 cm V s   , 2 1 1

max 530 cm V s   , 17 3
ref 1.1 10  cmN   , 1 2.3   

, 2 3.0  , and 0.46  . In the following, a thin p-n junction and a thick p-n junction are 

taken as examples to demonstrate the nonuniform photon chemical potential and its effect 

on the performance of near-field TPV devices. For the thin cell, 200 nmp nd d  , and 

the surface recombination velocities are set to be e, h, 100 cm/sp nS S   and 

e, h, 10,000 cm/sn pS S   to distinguish the minority carries and majority carriers. These 

values are within the range of high-quality films [187, 188]. For the thick cell, dp = 400 nm 

and dn = 5 m, while all the surface recombination velocities are taken as 105 cm/s, which 

is reasonable for typical semiconductor cells [188]. The key parameters used in this work 

are listed in Table 4.1. 

4.2.3 Modeling Results of a Thin Near-Field InAs TPV Device 

For a conventional solar PV cell made of a p-n junction, the quasi-Fermi level split 

across the depletion region of the cell is assumed to be equal to the product of the forward 

bias voltage and elementary charge [163, 164, 174]. This is a widely recognized argument 

for PV cells with two hidden assumptions: the PV cells are under low-injection condition 

and the PV cells are thick. In most cases, the first assumption is likely to be valid for regular 

doped-silicon PV cells, because the injection level due to the spectral intensity from one or 

even several suns would still be moderate. For the second assumption, the widths of p- and  
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Figure 4.4 The energy band diagrams of the thin near-field InAs TPV cell under (a) short-

circuit (V = 0 V) and (b) maximum-efficiency (V = 0.17 V) conditions. 
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n-regions in the PV cells are typically much larger than the depletion region. However, this 

may not be the case for thin-film near-field TPV devices. 

The band diagrams of the thin TPV cell (dp = dn = 200 nm) with a vacuum gap 

distance of d = 10 nm are calculated at the short circuit and maximum efficiency 

(corresponding to V = 0.17 V) conditions, which are shown in Figure 4.4(a) and 4.4(b),  

respectively. The height of the shaded region represents the differences between the quasi-

Fermi levels, which is nothing but the photon chemical potential profile (z). The depletion 

region (sloped conduction and valence bands) is broadened and extended throughout the 

n-region, especially for the short circuit case. The end of depletion region (sloped 

conduction and valence bands) in the n-region is close to the back surface, especially for 

the short circuit case. Surface recombination also plays a role on the depletion region  

 

Figure 4.5 The profile of photon chemical potential in the p-n junction of the thin cell for 

various forward voltages. 
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because the distribution of free carriers inside the n-region is affected by the electric field 

generated by the well-passivated surface. This is evidenced in Figure 4.4(a) and 4.4(b) by 

the nonzero slope in the conduction and valence bands near 400 nm. Note that high-

injection condition exists in the n-region. Figure 4.4(a) shows that (z) is not zero but a 

strong function of z. High-quality surfaces with less surface defects for both hole and 

electron, as used here, trap the free carriers inside the p-n junction, giving rise to a non-

zero quasi-Fermi level difference in the depletion region even with V = 0. When V = 0.17 

V, as can be seen from Figure 4.4(b), (z) is approximately a constant which is 0.195 eV, 

which is about 15% greater than the product Ve.  

The profile of photon chemical potential is calculated for different voltages and 

shown in Figure 4.5. For small bias voltages, (z) decreases as z increases. When V 

increases to above 0.13 V, the variation of (z) becomes negligibly small. Nevertheless, 

the calculated (z) from the iterative method is always greater than Ve. The difference in 

the photon chemical potential calculated from the iterative solution and by assuming a 

constant value based on the detailed balance analysis is expected to impact the 

characteristics of the TPV cell. 

The luminescence effect is demonstrated in Figure 4.6(a) and 4.6(b) by plotting the 

net photogeneration rate and the net absorbed energy rate (per unit area) of the cell versus 

the bias voltage. As V increases, the luminescence effect reduces both Gcell and Q, as 

compared to the case with  = 0, when luminescence effect is completely neglected. Since 

the iterative solution gives (z) greater than Ve, the curve with  = (z) is always the lowest. 

As shown in Figure 4.2(b), when  < 0.15 eV, g is within 5% and the impacts of chemical 

potential on the photogeneration and heat transfer are relatively small. The differences  



 70

 

Figure 4.6 (a) Net photogeneration rate and (b) net absorbed energy rate vs forward bias 

voltage under three different treatments of the photon chemical potential profile for a thin 

InAs TPV cell. 
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become larger as V increases to above 0.12 V. The maximum relative error in Gcell for  = 

Ve is 21% taking the iterative method as the reference, which occurs at V = 0.22 V. At V = 

0.17 V when the maximum efficiency occurs according to the iterative method, the relative 

error is 6.1% with  = Ve and 9.7% with  = 0. Note that g based on  = 0.17 eV is 6.3%, 

suggesting that g gives a good indication when the profile of photon chemical potential 

should be considered. In terms of the net absorbed energy, the error for using  = Ve is 

3.1% and that for  = 0 is 4.9% at the maximum efficiency condition, V = 0.17 V. The 

smaller error in Q is because sub-bandgap photons that contribute more than 50% of the 

heat transfer rate are not altered by the photon chemical potential, as suggested in Eq. 

(2.10). 

The current density and efficiency are calculated as functions of the voltage as 

shown in Figure 4.7 with the iterative method,  = (z), and compared with these obtained 

from the detailed balance analysis for  = Ve and  = 0. The detailed balance approach 

overpredicts the current density in particular as V increases to beyond 0.13 V. The 

difference between the current densities with  = Ve and  = 0 is purely due to the net 

photogeneration rate as the recombination rates are the same according to the detailed 

balance analysis. Since the recombination rate increases with V, the current density drops 

to zero as V increases to the open circuit voltage Voc. The open circuit voltage for  = Ve is 

slightly larger than that for  = (z) but much smaller than that for  = 0 as can be seen 

from Figure 4.7(a). As shown in Figure 4.7(b), the maximum efficiencies are 39.8% at V = 

0.205 V for  = 0, 37.4% at V = 0.19 V for  = Ve, and 32.7% at V = 0.17 V for  = (z). 

These differences are due to the combination of effects caused by the profile of photon 

chemical potential and the underlying charge transport. The comparisons of the major  
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Figure 4.7 (a) Current density and voltage characteristics and (b) efficiency and voltage 

characteristics using three different treatments of the photon chemical potential profile for 

a thin InAs TPV cell. 
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Figure 4.8 The energy band diagrams of the thick InAs TPV cell under (a) short-circuit and 

(b) open-circuit (V = Voc = 0.179 V) conditions. 
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parameters reveal that the accurate modeling of the photon chemical potential and the 

charge transport are critical to the prediction of the performance near-field TPV devices.  

It should be noted that with even higher level of injection, the Boltzmann 

distribution used to approximate the Fermi-Dirac distribution of electron and hole systems 

may be questionable; hence, more comprehensive models considering degenerate 

semiconductors may be necessary to accurately describe the band diagrams. Such a 

situation does not occur for the cases studied in this work and therefore will not be further 

discussed. 

4.2.4 Modeling Results of a Thick Near-Field InAs TPV Device 

A thick near-field InAs TPV cell with high surface recombination velocities is 

modeled to examine the spatial variation of (z) and the accuracy of the detailed balance 

analysis. The band diagrams of the thick cell with the same prescribed emitter and cell 

temperatures (Te = 900 K and Tc = 300 K) and separation distance (d = 10 nm) at short-

circuit and open-circuit conditions are shown in Figure 4.8(a) and 4.8(b), respectively. Note 

that the width of the p-region is 400 nm and that of the n-region is 5 m. A narrow depletion  

region is observed between the n- and p- regions, since the injection level is moderate in 

this case. Furthermore, the quasi-Fermi level split across the depletion region is close to 

Ve. However, the height of the shaded region varies greatly since photogeneration is highly 

nonuniform in the near-field regime [75, 78].  

The spatial variation of the photon chemical potential is shown in Figure 4.9 at 

different forward voltages. When the voltage is below 0.13 V, (z) decreases and reaches 

a minimum ( Ve) in the depletion region. In the n-region, (z) gradually increases to reach  
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Figure 4.9 The profile of photon chemical potential of the thick cell with various forward 

bias voltages. 

a maximum and then decreases toward the end. For the open-circuit case, (z) varies 

monotonically from 0.18 eV to 0.13 eV. Clearly, a constant  assumption is not valid for 

near-field TPV devices even for moderate injection level.  

The current density and efficiency are plotted in Figure 4.10 against the voltage for 

the thick-cell TPV device. The open-circuit voltage is Voc = 0.145 V with the detailed 

balance analysis and Voc = 0.179 V with the iterative method. The difference between  = 

Ve and 0 is less than 5% for V < 0.14 V and hence the two curves almost overlap with each 

other. In this case, the luminescence effect is negligibly small due to the small chemical 

potential. The detailed balance analysis underpredicts both J and  when V > 0.075 V. As 

shown in Figure 4.10(b), the maximum efficiency of 22.2% (at V = 0.13 V) calculated by  
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Figure 4.10 (a) Current density and voltage characteristics and (b) efficiency and voltage 

characteristics using three different treatments of the photon chemical potential profile for 

a thick InAs TPV cell. 
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the iterative method is much greater than 17.1% (at V = 0.1 V) obtained from detailed 

balance. The detailed balance analysis inherently assumes infinite charge diffusion 

coefficients and cannot capture the spatial variation of the charge concentration. Hence, 

the charge concentration at the surface is overpredicted, resulting in a higher surface 

recombination rate and a lower efficiency. It is important to consider the full charge 

transport processes in order to accurately predict the performance of near-field TPV 

devices.  

 For the thick cells under the short-circuit condition, Gcell = 3.87  1020 cm-2 s-1, 

which is 3% higher than that for the thin cell and Q = 28.5 W cm-2, which is 5% more than 

that for the thin cell. These values are comparable between the thin and thick TPV devices. 

The lower J and  with increased bias for the thick TPV device is due to the higher 

recombination rate in the thicker InAs cell. The enhancement of performance using thin-

film TPVs has been suggested by Tong et al. [96].  

It should be noted that all above results are presented for d = 10 nm cases only 

where the near-field effects on the photogeneration and radiation heat transport are very 

strong. Calculations have also been performed for larger gap distances. The effect of 

photon chemical potential can still be observed for d = 100 nm. However, the injection 

level decreases due to larger vacuum spacing. The influence of photon chemical potential 

diminishes as the vacuum spacing increases as expected. The error in the performance 

parameters becomes negligibly small (<5%) for larger (d > 100 nm) vacuum spacing. 

However, the exact criteria depend on the emitter temperature and materials used. The 

effects of photon chemical potential on thermophotovoltaic and thermoradiative cells have 

been recently studied in both near- and far-field regimes by Callahan et al. [82].  



 78

This work presents an iterative method to study near-field TPV devices that takes 

account of the luminescence effect based on FE with a modified Bose-Einstein distribution 

along with the full drift-diffusion model of the charge transport in the p-n junction. The 

spatial variation of the photon chemical potential is illustrated with two near-field InAs 

TPV cells operating at a vacuum gap distance of 10 nm. The results show that the detailed 

balance approach by ignoring the luminescence effect ( = 0) or by using a constant photon 

chemical potential ( = Ve) cannot properly describe the characteristics of both the thin 

and thick TPV devices and could cause 10-30% error in efficiency and output power when 

compared to the iterative solutions. This study demonstrates that the photon chemical 

potential is an important parameter in near-field semiconductor radiative energy converters 

and need to be carefully considered when the emitter is at a moderate temperature. A simple 

criterion is also introduced based on the percentage error of the emitted photons at the 

bandgap frequency that may give an initial estimate of the influence of  for different 

semiconductor materials, with various bandgaps, at prescribed emitter and cell 

temperatures. The accurate modeling of the spatial profile of photon chemical potential 

provides researchers with a better understanding of photon-charge interactions in 

semiconductor p-n junctions, and moreover, it will benefit the design and development of 

TPV devices operating at nanoscale separation distances. 
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CHAPTER 5. PERFORMANCE ANALYSIS OF A NEAR-FIELD 

THERMOPHOTOVOLTAIC CELL WITH A BACK GAPPED 

REFLECTOR 

In this Chapter, a thin-film InAs TPV device with a back gapped reflector (BGR) 

is investigated using a newly proposed photon-charge coupled iterative model from last 

Chapter. By comparing to a conventional metal back surface reflector (BSR) with different 

surface passivation conditions, the performance enhancement potential of this BGR is 

investigated for both far- and near-field regimes. The radiation exchange carried by 

propagating waves and evanescent waves are separately discussed for different vacuum 

spacings. The back gap thickness of the BGR is varied to optimize the efficiency of the 

InAs TPV device. The efficiency reduction, due to imperfect reflections at the 

semiconductor-metal interface, and output power loss, due to external luminescence and 

surface recombination, are also analyzed. Note, the loss mechanisms also depend on the 

back gap thickness of the BGR, which can potentially guide the design and optimization 

of TPV devices with higher efficiency and larger output power. 

5.1 Overview of the Back Reflectors Structure within a TPV device 

 A back reflector is a common way to improve the performance of a TPV device by 

increasing the interband absorption while recycling photons below the bandgap energy 

[112, 190]. Two different BSRs were investigated for a far-field Ge TPV cell by Fernandez 

et al. [191]. The proposed dielectric BSR can feature high infrared reflection and excellent 

surface passivation of the backside of Ge TPV cells; however, the effect of the absorption 
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of BSRs on the TPV performance has not been discussed. A parametric study on the effects 

of a BSR and surface recombination on a near-field InGaSb TPV device was performed by 

Bright et al. [112]. This parametric study used a combined model that neglected the near-

field effects on the dark current and internal luminescence, which might be important for 

certain TPV devices [81, 83]. Recently, Fan et al. [192] proposed a thin-film TPV cell 

design with a BGR, which can greatly enhance the performance of a far-field InGaAs TPV 

device by reducing the absorption in the back reflector. Inoue et al. investigated the 

performance improvement of non-contact reflectors on both sides of a Si-based TPV device 

[193]. Similar structures have not been applied to near-field thin-film TPV devices, which 

may see even greater improvements in device performance. 

5.2 Geometric Structure and device parameters of a InAs Near-Field TPV device  

A thin-film InAs TPV device with a BGR (TPV-BGR) is shown in Figure 5.1(a), which 

is compared with a TPV device with a conventional BSR (TPV-BSR) shown in Figure 

5.1(b). A vacuum gap with a variable thickness (d) separates the tungsten emitter and InAs 

TPV cell. The tungsten emitter is modeled as an infinitely thick bulk with temperature at 

Te = 900 K. The p-doped and n-doped InAs layers with thicknesses of dp = dn = 200 nm, 

are respectively subdivided by a 50-layer nonuniform mesh to consider the localization 

effect on photogeneration and photon chemical potential [83]. Au is used for both BGR 

and BSR, and the thickness dAu is chosen to be 100 nm to ensure all incident photons are 

reflected or absorbed. The front metal grid and the back metal grid are ignored in the 

radiation exchange due to the low shading area (less than 5%). The back metal grid in the 

BGR structure is used to support the vacuum gap between the cell and the back reflector. 

Consequently, the series resistance of the grid and the busbar is ignored in the charge 
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transport model. The temperature of the InAs cell (including BSR or BGR) is assumed to 

be room temperature, Tc = 300 K.  Both devices require a vacuum environment to minimize 

the convection between the emitter and cell.  

Since this near-field TPV device is similar to that in Chapter 4 (removing the ITO 

emitter), the optical and electrical properties can be found in Chapter 4. The iterative solver 

of the photon-charge coupled modeling method has also been detailed introduced in 

Chapter 2 and 4. Only the difference and improvement of the modeling method would be 

emphasized here. The net rate of absorbed energy of layer j from the tungsten emitter can 

be calculated by 

       
0

, , , , ( )
emitter

j m m j j mj
m

Q T T d      
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Figure 5.1 Schematic of an InAs TPV device with (a) a BGR and (b) a conventional BSR. 

Here, d is the vacuum spacing between the emitter and the cell, and h is the back gap 

thickness. The TPV cell includes the InAs and the back reflector. 
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The total absorbed power for a practical TPV device should include the absorption by the 

back reflector, since extra work is required to remove this parasitic heating. Therefore, the 

conversion efficiency is calculated by 

        
cell

( )
( )

J V V
V

Q
  , where 

cell

cell j
j

Q Q      (5.2) 

Here, the summation is over the InAs layers and the back reflectors. Therefore, the 

absorbed power of the Au layer is taken into account in calculating the efficiencies. 

To distinguish the two vacuum gaps in the device, the vacuum spacing represents 

the distance between the emitter and cells; while the gap thickness refers to the distance 

between the cell and the back reflector. In the following, the vacuum spacing is chosen as 

d = 1 mm or d = 10 nm to investigate the effect of this BGR on the TPV device under either 

the far- or near-field regime, respectively. The gap thickness of BGR is represented by h, 

which is parametrically swept between 10 nm to 10 m. The maximum efficiency and 

maximum output power are calculated as a function of the gap thickness of BGR for both 

working regimes. Surface passivation conditions can potentially affect the performance of 

TPV devices [80, 112, 191, 194]. A well-passivated surface usually has large surface 

recombination velocity for majority carriers and small surface recombination velocity for 

minority carriers [163]. The surface recombination velocity for majority carriers is set to 

be an extremely large number, e.g., 109 cm/s. The surface recombination velocity for  

 

Table 5.1. Surface recombination velocities for each TPV cell 

TPV cells Se,p (cm/s) Sh,p (cm/s) Se,n (cm/s) Sh,n (cm/s) 
Passivated BSR/BGR 102 109 109 102 
Non-passivated BSR/BGR 102 109 109 104 
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minority carriers can vary from 102 cm/s to 104 cm/s or larger depending on surface 

passivation conditions [188]. Practically speaking, a well passivated surface usually 

requires an additional layer, several nanometers in thickness, of the selected dielectrics. 

For simplicity, this additional passivation layers is neglected when modeling the passivated 

TPV configurations. In this paper, 104 cm/s and 102 cm/s are used to represent a non-

passivated surface and a passivated surface, respectively. By comparing the BGR with the 

BSR under the same passivation condition, the effect of the external luminescence loss can 

be explicitly distinguished from that of surface passivation. The front surfaces of four 

calculations are all assumed to be well-passivated. The surface recombination velocities 

for each TPV cell are listed in Table 5.1. 

5.3 Performance Improvement by the Back Gapped Reflector 

5.3.1 Output Electric Power and Photogeneration Rate 

We first investigate a far-field TPV device with a 1 mm vacuum spacing. The 

effects of the back reflectors and surface passivation on the current density and voltage 

characteristic curves (i.e., the J-V curve) of this TPV cell are shown in Fig. 2a. The 

passivated TPV devices exhibit better J-V curves than those with a non-passivated 

condition. The generated current recombines at the non-passivated surface; a passivated 

TPV has a larger generated current than that of the non-passivated TPV. Under the same 

passivation conditions, the performance of TPV-BGR exceeds that of TPV-BSR. The 

working voltage of the passivated TPV-BGR is 0.062 V, which is 0.008 V larger than that 

of the passivated TPV-BSR. Hence, the passivated TPV-BGR can provide a maximum 

output power of 0.0061 W/cm2, which is 38% larger than that of the passivated TPV-BSR. 



 84

The performance enhancement can be explained by plotting the spectral photogeneration 

rates of these TPV devices shown in Figure 5.2(b). The spectral photogeneration rate of  

Figure 5.2 (a) Current density and voltage characteristic curve and (b) spectral 

photogeneration rate of TPV-BSR and TPV-BGR (h = 1 m) with different passivation 

conditions when d = 1 mm. (c) Maximum output power and (d) total net photogeneration 

rate as a function of the gap thickness of a TPV cell with different back reflectors and 

passivation conditions when d = 1 mm. To be noted for Figure 5.2 and 5.3, the spectral 

photogeneration rate and total net photogeneration rate are calculated at the maximum 

output power condition for each TPV device. The BGR curves in Figure 5.2b, 5.2d, 5.3b 

and 5.3d represent both the passivated and non-passivated TPV-BGR. 
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TPV-BGR is larger than that of TPV-BSR for both passivated and non-passivated 

condition. The enhanced spectrum of the photogeneration rates of TPV-BGR compared to 

that of TPV-BSR is 0.354 eV to 0.5 eV, because the external luminescence losses of TPV-

BGR are greatly reduced. Moreover, the reflections at the semiconductor-vacuum interface 

of TPV-BGR is more efficient than those at the semiconductor-metal interface of TPV-

BSR, since fewer photons above the bandgap energy are absorbed by the back metal. Note 

that the passivation condition has little effect on the photogeneration rate of TPV-BGR 

since external luminescence is minimized in this structure. 

The maximum output power and photogeneration rate of four far-field TPV 

configurations as a function of the gap thickness are shown in Fig. 2c and 2d. As is clearly 

shown in Fig. 2c, the maximum output power of TPV-BGR slightly increases to a saturated 

value as the gap thickness increases. The enhancement effect on the output power of the 

TPV-BGR is demonstrated by comparison with TPV-BSR. The maximum output power 

of TPV-BGR is 15%-40% higher, compared to TPV-BSR for the passivated condition. 

Although the maximum output power of the non-passivated condition is reduced by almost 

one third of the passivated condition, the maximum output power of TPV-BGR is 5%-15% 

larger than that of TPV-BSR for the non-passivated condition. Enhanced total net 

photogeneration rate and a well-passivated surface can greatly improve the maximum 

output power of a TPV device. Shown in Fig. 2d, the total net photogeneration rate of TPV-

BGR exhibits a similar trend as Fig. 2c. As the total net photogeneration rate increases with 

the gap thickness, more free electrons and holes are generated in the TPV cell, which 

produces a larger output power than that of TPV-BSR. The total net photogeneration rate 

of TPV-BGR (passivated/non-passivated) is 10%-25% greater than that of the passivated 
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TPV-BSR and 3%-15% larger than that of the non-passivated TPV-BSR. The enhancement 

effect on the total net generation rate of the passivated TPV-BGR is lower than that on the 

maximum output power, which is due to external luminescence at different photon 

chemical potentials. The total net photogeneration rate of InAs can be expressed by 

subtracting external luminescence from the net photogeneration rate between the emitter 

and the InAs. A good surface passivation would result in a larger photon chemical 

potential, which can result in a larger external luminescence. Although the total net 

photogeneration rate of the non-passivated TPV-BSR is larger than that of the passivated 

TPV-BSR, the generated free carriers in the non-passivated TPV-BSR recombine at the 

surfaces. Therefore, the passivated TPV-BSR has better performance than the non-

passivated case. In summary, TPV-BGR with good passivated surfaces can definitely 

enhance the maximum output power at the far-field regime for different gap thicknesses.  

The J-V curves and spectral photogeneration rates of a near-field TPV device with 

different back reflectors and passivation conditions are shown in Figure 5.3(a) and 5.3(b) 

Although the difficulty of fabricating a near-field TPV device with two 10 nm vacuum gap 

is incredible, the back gap thickness of TPV-BGR is chosen to be 10 nm for numerical 

demonstration purposes. As shown in Figure 5.3(a), the open circuit voltages of the 

passivated TPVs are larger than that of the non-passivated TPVs. The surface 

recombination effects become more significant in the near-field case because a larger 

current density is generated and more free carriers recombine at the non-passivated 

surfaces. The working voltage of the passivated TPV-BGR is 0.143 V, which is 0.007 V 

larger than that of the passivated TPV-BSR. Hence, the passivated TPV-BGR exhibit a 

maximum output power of 0.63 W/cm2, which 8% larger than that of the passivated TPV-



 87

BSR. Unlike the far-field case, the enhancement of the J-V curve by replacing a BSR with 

a BGR is rather limited, because the photogeneration rate is dominated by the near-field 

radiation, which is not sensitive to the structure of the back reflectors. As shown in Figure 

5.3(a), a well-passivated surface can greatly improve the maximum output power by  

 

 

Figure 5.3 (a) Current density and voltage characteristic curve and (b) spectral 

photogeneration rate of the TPV-BSR and TPV-BGR (h = 10 nm) with different 

passivation conditions when d = 10 nm. (c) Maximum output power and (d) total net 

photogeneration rate as a function of the gap thickness of a TPV cell with different back 

reflectors and passivation conditions when d = 10 nm. 
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increasing the open-circuit voltage for both the TPV-BGR and TPV-BSR. As shown in 

Figure 5.3(c), the maximum output power of the TPV-BGR decreases as the gap thickness 

increases for both passivated and non-passivated conditions. Whether TPV-BGR can 

provide enhancement on the maximum output power compared to TPV-BSR depends on 

the gap thickness. The largest enhancement provided by TPV-BGR is when the gap 

thickness equals 10 nm. The maximum output power generated by TPV-BGR has an 8% 

enhancement compared to that of the passivated TPV-BSR. In addition, the maximum 

improvement of TPV-BGR is reduced to 2.5% for the non-passivated condition. The 

surface passivation effect on the maximum output power is more dominant than the effect 

brought by the back reflector structure. The trend of the maximum output power of TPV-

BGR matches well with the total net photogeneration rate, shown in Figure 5.3(d). Unlike 

the far-field condition, the reduction of the total net photogeneration rate as the gap 

thickness increases is not only due to the propagating photons but also the frustrated 

photons, which is represented by the difference between BGR and BGR Prop in Figure 

5.3(d). As the gap thickness increases, the destructive absorption pattern causes a slight 

decrease in the total net photogeneration for the near-field condition. To summarize the 

effect of the gap thickness for the near-field condition, a BGR with a small gap thickness 

(comparable to vacuum spacing) is preferred for larger output power. 

5.3.2 Efficiency and Cell Absorbed Power 

The improvement of maximum conversion efficiency brought by the BGR structure 

is clearly shown in Figure 5.4. TPV-BGR exhibits improvement to the maximum 

conversion efficiency of TPV devices. As seen in Figure 5.4(a), the conversion efficiency 

using a BGR is 1.05-1.34 times higher than that using a BSR for non-passivated condition.  
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Figure 5.4 (a) Maximum conversion efficiency and (b) cell absorbed power as a function 

of the gap thickness for TPV devices with different back reflectors and passivation 

conditions when d = 1 mm. The surface passivation has little effect on the cell absorbed 

power, therefore, the BGR and the BSR represent both the passivated and non-passivated 

conditions in Figure 5.4(b) and 5.5(b). 
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The passivated TPV-BGR maximum efficiency ranges between 5.7%-7.4%, which is a 

1.18-1.62 times higher than that of the passivated TPV-BSR when the gap thickness 

increases. This enhancement in efficiency is higher than that of the output power (15%-

40%) indicating that the efficiency improvement is a coupled effect of the output power 

enhancement and parasitic absorption reduction. As clearly shown in Figure 5.4(b), the cell 

absorbed power is inversely correlated with the maximum efficiency as the gap thickness 

increases. The reduction effect on cell absorbed power can be clearly seen by the difference 

between BGR and BSR. The cell absorbed power is dominated by the emission from the 

emitter, where the temperature is fixed at 900 K. The external luminescence from the InAs 

to vacuum at the back is negligible. Therefore, the passivated conditions have little effect 

on the cell absorbed power for both TPV-BSR and TPV-BGR. The same conclusion can 

be drawn for the near-field condition. 

For the near-field condition shown in Figure 5.5(a), the passivated TPV-BGR has 

an 18%-21% maximum conversion efficiency when the gap thickness increases, which is 

higher than the 16.4% for the passivated TPV-BSR. For the non-passivated scenario, TPV-

BGR also possesses a 1.08-1.19 times improvement when compared with TPV-BSR. As 

manifest in Fig. 5a, the maximum efficiency of TPV-BGR increases by increasing the gap 

thickness. Since the maximum output power of TPV-BGR is not a strong function of the 

gap thickness, the cell absorbed power of TPV-BGR should be inversely proportional to 

gap thickness to match the efficiency enhancement, which is exactly the trend of TPV-

BGR shown in Figure 5.5(b). Compared to the propagating modes represented by the 

dashed-diamond curve, the cell absorbed power of TPV-BGR carried by the frustrated 

modes (the difference between the BGR and BGR Prop) is largely reduced in the near-field  
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Figure 5.5 (a) Maximum conversion efficiency and (b) cell absorbed power as a function 

of the gap thickness for TPV devices with different back reflectors and passivation 

conditions when d = 10 nm. 
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scenario. Near-field radiation dominates the radiation exchange between the emitter and 

cell, as the vacuum spacing decreases from Figure 5.4(b) (d = 1 mm) to Figure 5.5(b) (d = 

10 nm). The efficiency enhancement brought by the BGR structure is apparently large. 

5.3.3 Imperfect Reflections and External Luminescence Loss 

The generated power can be enhanced by adding a conventional metal BSR to a 

TPV cell [75, 112, 191]. An ideal back reflector reflects all incident photons. However, a 

perfect mirror for photons of all wavelengths does not exist. The absorption of the back 

reflector occupies a significant amount of the parasitic absorption, which requires extra 

cooling power to maintain the TPV cells at a comfortable temperature range. Therefore, it 

is important to minimize the parasitic absorption of TPV cells. When light transmits 

through the semiconductor-metal interface of a TPV-BSR, the reflection is not perfect 

because most of the electromagnetic waves can easily transmit from an optically rare 

medium to an optically dense medium. However, by adding a gap between the 

semiconductor and the back reflector, most of the propagating photons reflect perfectly at 

the semiconductor-air interface through total internal reflection. However, if the gap 

thickness is comparable to or less than the wavelength of transmitted photons, the photon 

tunneling effect would also be present between the semiconductor and the back metal. 

Therefore, the gap thickness is required to be larger than the characteristic wavelength to 

avoid photon tunneling effects and to minimize the absorption of the back reflector. In 

Figure 5.6(a) and 5.6(b), it is shown that the absorption in the BGR decreases significantly 

as the gap thickness increases for both far- and near-field regimes. When one compares the 

absorbed power of the metal in Fig. 6a with the cell absorbed power in Figure 5.4(b) for 

TPV-BGR, the percentage of the absorbed power of the metal over the cell absorbed power  
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Figure 5.6 The absorbed power of the back metal (Qmetal) as a function of the gap thickness 

for TPV devices with different back reflectors when (a) d = 1 mm and (b) d = 10 nm. To 

be noted, the BGR and BGR Prop represent both passivated and non-passivated condition 

since the surface passivation condition has little effect on the absorbed power of the metal. 
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is reduced from 38% to 14% when the gap thickness is increased from 10 nm to 1 m. 

Hence, increasing the gap thickness of the BGR structure can greatly reduce the metal 

absorption to improve the performance of a far-field TPV device. As the gap thickness 

increases from 10 nm to 1 m (or larger) in the near-field TPV-BGR in Figure 5.6(b), the 

percentage of the absorbed power of the metal over the cell absorbed power is reduced 

from 17% to 1% and the absorbed power carried by the frustrated modes are almost reduced 

to zero. This indicates that a TPV-BGR with a larger back gap can effectively reduce the 

absorption of the metal. Note that thermal radiation from the emitter and external 

luminescence from the InAs both contribute to the absorption of the back metal. The 

absorption of the metal in the BGR structure is not affected by the passivation condition 

because the incoming thermal radiation is dominating the absorption of the metal and 

external luminescence has been minimized with the TPV-BGR. However, the surface 

passivation conditions do affect the operating voltages of TPV-BSRs as shown in Figure 

5.2(a) and 5.2(b), and external luminescence is exponentially related with the photon 

chemical potential, which is equal to the operating voltage times the elementary charge at 

low-level injection condition [83]. Therefore, the metal absorbs more power due to a higher 

external luminescence in the passivated TPV-BSR than the non-passivated case. This is 

shown for both far- and near-field condition in Figure 5.6(a) and 5.6(b), respectively. 

The spectral absorbed powers of the metal in different TPV configurations provides 

more information about the reduction of the parasitic absorption, which are shown in Fig. 

7a and 7b. For both far-and near-field TPV devices, two key comparisons should be 

carefully considered: TPV-BSR versus TPV-BGR and passivated TPV-BSR versus non-

passivated TPV-BSR. For the far-field condition shown in Figure 5.7(a), the spectral  
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Figure 5.7 (a) Spectral absorbed powers of the metal in the TPV-BGR (h = 1 m) and TPV-

BSR when d = 1 mm. (b) Spectral absorbed powers of the metal in the TPV-BGR (h = 10 

nm) and TPV-BSR when d = 10 nm. The passivation condition has little effect on the 

spectral absorbed power of the TPV-BGR so that the BGR curves in both Fig. 7a and 7b 

represent the passivation and non-passivated conditions. 
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absorbed power of the metal in the non-passivated TPV-BGR is lower than that in the non-

passivated TPV-BSR, because the photon tunneling from the InAs region to the metal is 

suppressed for photons of all wavelengths. The spectral absorbed power of the metal in the 

non-passivated TPV-BSR overlaps with the passivated TPV-BSR below the bandgap 

energy, since the absorption of the sub-bandgap photons is not related with surface 

passivation but the TPV structures. The external luminescence loss happens at the spectrum 

above the bandgap. The passivated TPV-BSR has greater external luminescence losses 

than the non-passivated case due to larger operating voltage. Therefore, the spectral 

absorbed power in the metal is larger for the photons above bandgap energy. The same 

conclusion can be drawn for the near-field condition shown in Fig. 7b. For both far- and 

near-field, the TPV-BGR can greatly reduce the absorption of the back reflectors, which is 

the key mechanism to improve the efficiency of a TPV device.  

In a working TPV cell, the more electron and hole pairs are generated, the more 

likely they will recombine and generate external luminescence, similar to a biased LED 

[81, 83, 195]. The energies of luminescent photons are larger than bandgap. It is illustrated 

that the external luminescence intensity from a working TPV cell is exponentially 

proportional to the photon chemical potential, which is usually assumed to be equal to the 

product of the working voltage and elementary charge. The luminescent photons from the 

cell cannot be recycled when they are absorbed by any object other than the emitter and 

cell; this is called external luminescence loss. As one of the major loss mechanisms that 

deteriorates the performance of TPV devices working at moderate temperatures, the  
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Figure 5.8 External luminescence loss ratio as a function of the gap thickness for TPV 

devices with different back reflectors when (a) d = 1 mm and (b) d = 10 nm at the maximum 

output power voltage.  
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external luminescence loss can also be minimized by the BGR structure. As shown in 

Figure 5.8(a), at the maximum output power voltage (Vmax), the passivated TPV-BGR at 

Vmax = 0.054 V would emit ~10% photons of the total net photogeneration rate at the same 

condition. The external luminescent photon rate over the total net photogeneration rate is 

called external luminescence loss ratio.  Due to the dominant effects of surface 

recombination in the non-passivated TPV-BSR, Vmax is only 0.022 V, which is much less 

than that of the passivated TPV-BSR. Nevertheless, a 2% external luminescence loss ratio 

still exists in the non-passivated TPV-BSR. However, the external luminescence loss can 

be reduced to 1% of the total net photogeneration rate by introducing a 10 nm gap between 

the semiconductor and the back reflector. As the gap thickness increases, the external 

luminescence loss ratio can be reduced to less than 0.01%. Similar trends are exhibited in 

Figure 5.8(b). The external luminescence loss ratio can be effectively reduced to zero by 

the BGR structure for both the passivated and non-passivated condition. Although Vmax 

increases when the vacuum spacing reduces, the BGR structure can still reduce the external 

luminescence losses to negligible levels. Moreover, when the emitter temperature 

increases, the TPV devices will be working at a higher voltage, which means a larger 

external luminescence would occur. Therefore, minimizing the external luminescence loss 

become even more critical at high emitter temperatures and the BGR structure is definitely 

useful in creating a high-performance TPV device. 

5.3.4 Effect of the Vacuum Spacing on the Performance of TPV Devices 

To study the effect of the vacuum spacing on the TPV with different back reflectors, 

a parametric analysis on the vacuum spacing is performed for the four TPV devices. To 

clearly show the effect of the BGR structure on the performance of TPV devices, the back  
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Figure 5.9 (a) Maximum output power and (b) maximum efficiency as a function of the 

vacuum spacing of a TPV cell with different back reflectors and passivation conditions. 

The gap thickness of the TPV-BGR is fixed at h = 1 m. 
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gap thickness is fixed at 1 m, which is feasible for current fabrication technologies. In 

general, the maximum output powers and maximum efficiency of all TPV devices decrease 

as the vacuum spacing increases shown in Fig. 9a and 9b. The passivated cases exhibit 

better maximum output powers than the non-passivated cases. The maximum output power 

of TPV devices can be improved by replacing the BSR with the BGR (h = 1 m) when the 

vacuum spacing is larger than hundreds of nanometers. When the vacuum spacing is in the 

near-field regime (d < 100 nm), TPV-BGR does not provide higher output powers when 

compared with the TPV-BSR. However, the maximum efficiency of TPV devices can 

benefit from the BGR structure for both far- and near-field regimes. In summary, the BGR 

structure can improve the performance of the far-field TPV devices; while in the near-field 

condition, the back gap thickness should be carefully chosen to simultaneously increase 

the maximum output power and efficiency of TPV devices. 

 

 

  



 101

CHAPTER 6. LOCAL RADIATIVE RECOMBINATION IN 

THIN-FILM RADIATIVE ENERGY CONVERTERS 

 In this work, the total external radiative recombination coefficient was calculated by 

fluctuational electrodynamics (FE) apparently diverges from that by van Roosbroeck-

Shockley when the cell thickness is less than 10 m. A 400 nm InAs cell is configured with 

different geometric structures to illustrate the spatial effect on the external radiative 

recombination. The spatial profile of the local external radiative recombination coefficient can 

be significantly modified due to photon recycling in the far field and photon tunneling in the 

near field. In addition, the local external radiative recombination coefficient reduces as the 

local doping level approaches that of a degenerate semiconductor. Intrinsic internal quantum 

efficiency (IIQE) is newly defined to distinguish the thermal radiation and nonthermal 

radiation quantitatively. The ideal IIQE assumption leads to an overprediction of the 

maximum power density and maximum efficiency of a near-field thin-film thermoradiative 

cell for more than 10% compared to the result by using a real IIQE. 

6.1 Overview of the External Luminescence of Radiative Energy Converters 

Following the thin-film trend of optoelectronic device industries such as photovoltaic 

(PV) cells and light emitting diodes (LEDs), near-field radiative energy converters can also 

benefit from reducing the thickness of active materials in a cell or a refrigerator. Although the 

volumetric absorption or emission is proportional to the thickness of active materials, the 

nonradiative losses, such as Auger and Shockley-Read-Hall (SRH) processes, are also 

reduced by thinning the active materials. Moreover, the near-field effect on the local 
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absorption and emission due to surface electromagnetic resonance can only penetrate a small 

skin depth of the active materials [2, 196]. By optimizing the thickness of a cell or a 

refrigerator, thin-film structures are usually preferred for near-field radiative energy 

converters [8, 9]. 

Neglecting the nonradiative processes, the radiative recombination and photon 

absorption are the main optical processes in radiative energy converters. By applying the 

principle of detailed balance, radiative recombination of nonequilibrium semiconductor 

diodes can be depicted by van Roosbroeck-Shockley model [173, 197]. Thereafter, Wurfel 

proposed a more precise expression, which is using a modified Bose-Einstein distribution 

derived from Fermi-Dirac distribution of free carriers in nonequilibrium semiconductor [1]. 

Trupke et al. summarized a general expression of external radiative recombination 

considering the multiple reflections from the front and back interfaces [198]. Although thin-

film near-field radiative energy converters possess the same working mechanism as regular 

PV cells and LEDs, whether the conventional model can be applied required a rigorous 

investigation. DeSutter et al. investigated the external luminescence (external radiative 

recombination) and photon recycling in a near-field TPV cell using FE [79]. However, the 

linkage between van Roosbroeck-Shockley model and FE is not explicitly discussed.  

In this work, the external radiative recombination coefficient (ERRC) calculated by 

FE is compared with generalized van Roosbroeck-Shockley model to show the thin-film 

effect. The local ERRC represents the capability of generating or absorbing a photon at a 

given location. Geometric effect on the local ERRC is also studied for a thin-film radiative 

energy converter working at different configurations. The doping effect on the local ERRC 

due to Moss-Burstein shift is emphasized for the radiative energy converters made of direct 
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narrow bandgap semiconductors. Wurfel theoretically distinguished the thermal radiation and 

nonthermal radiation (radiative recombination) by introducing the photon chemical potential 

[1], and Karalis and Jonannopoulos quantitatively distinguish the thermal and nonthermal 

contributions of photon absorption and emission to the performance of a near-field TPV using 

temporal coupled-mode theory [87]. With the newly proposed concept of intrinsic internal 

quantum efficiency (IIQE), the spectral intensity of thermal radiation and non-thermal 

radiation for a near-field TR cell is calculated using FE as an example. The performances of 

the near-field TR cell using two models are compared to indicate the importance of 

considering all the effect on the radiative recombination, which is a significant contribution 

on the modeling of thin-film near-field radiative energy converters. For simplicity, the 

following investigations are mainly performed for TPVs and TRs. However, the results of 

these configurations can be extended to other radiative energy converters without doubt. 

6.2 Calculation of External Radiative Recombination 

Combining the fluctuation-dissipation theorem (FDT) with Maxwell’s equations, FE 

establishes the relation between the strength of the random fluctuations of the charges and 

local equilibrium status at a point source. With the assistance of the dyadic Green’s function, 

the electric and magnetic fields are given by Eqs. (2.5) and (2.6) [2, 32]. 

Applying the Poynting theorem, the spectral thermal emission at a given z location 

for a given frequency  is expressed as [2, 32]: 
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where c is the speed of light in vacuum. E
xnG  and H

ymG  are the tensor components of the 

electric and magnetic dyadic Green’s function, respectively. and m and n stand for the three 

orthogonal components (m, n = x, y, z).  ,nJ r  and  ,mJ r  represent the fluctuating 

current at two different locations r  and r in the emitting medium.  and *  denote the 

ensemble average and the complex conjugate operation. 

If one can assign the equilibrium status (temperature and photon chemical potential 

etc.) and the contribution of the imaginary part of the permittivity to each excitation type 

(interband transition, phonon, and free carriers), the spatial correlation function of the 

fluctuating current is given by: 

   
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, , m nmn J J
m n
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J J
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 
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r r

r r     (6.2) 

where 0  is the permittivity of vacuum. mn  is the Kronecher function based on the 

isotropic medium assumption and    r r  is the Dirac delta function due to the locality 

of dielectric function [32]. Assuming      ib nonradIm Im Im    , the product of 

imaginary part of dielectric function and modified Bose-Einstein term can be rewritten as 

[199]: 

   
   

, ib ib

nonrad nonrad              

Im , ,

 

,

Im , , ,0

m nJ JW T

T

   

  

   
   

r

r
    (6.3) 

where  ib , r  and  nonrad , r  are the contribution to the imaginary part of the 

dielectric function due to interband transition and nonradiative absorption (phonons and 

free carriers), respectively. ibT  and nonradT  are the local equilibrium temperature of where 

the interband transition and nonradiative absorption happen, respectively.  
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The modified Bose-Einstein distribution is used to model the emitted spectral 

photons, which is given by Eq. (2.10). Note that T in Eq. (2.10) is the temperature in local 

equilibrium condition and g gE    is the frequency that corresponds to the bandgap 

energy ( gE ). 

Plug Eq. (6.2) into Eq. (6.1) and extract the component due to interband transition. 

The external radiative recombination of a thin film to the air can be written as [29]: 

    0 2 2
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, , IIQE , 1
2
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dk
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  

 
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where      ibIIQE , Im , Im ,T T T             is defined as the ratio of the number of 

photons emitted by interband transition to the number of total emitted photons. From the 

perspectives of absorption, the IIQE can also be understood as the ratio of the number of 

local generated electron and hole pairs due to interband transition to the number of total 

absorbed photon. R and T   are the reflection and transmission coefficients of the thin 

film when light is incident from air. The superscript   represents the polarization state of 

light (s or p). 0k c  is the vacuum wavevector. The parallel wavevector k  is defined 

as 2 2 2
x yk k k  .  

Similarly, the spectral heat flux of thermal emission and nonthermal emission 

(external luminescence) can be calculated as follows, respectively: 

 ,thermal 1 1 IIQE ,q N T            (6.5) 

and 

,lumq N           (6.6) 
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By applying Boltzmann approximation on the modified Bose-Einstein distribution 

in Eq. (6.4) and dividing Eq. (6.4) by the product of the local free carriers concentrations, 

the ERRC of a film can be written as: 
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where ni is the intrinsic carrier concentration of the semiconductor materials and h is the 

thickness of the cell. To be noted, the application condition of Boltzmann approximation 

depends on the injected carrier density and doping level of the semiconductor materials. 

The error of Boltzmann approximation has been discussed in detail in Ref. [81]. 

To study the local ERRC, a multilayer FE formalism is applied to a thin-film cell 

with a nonuniform mesh to calculate photon exchange between any semiconductor layer 

and external environment. Applying the similar method in Ref [83], the local ERRC is 

given by: 
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where t is the location of layer j in the cell. jT  and jh  are the temperature and thickness of 

layer j, respectively. Here, layer j is assumed at local equilibrium condition (temperature, 

dielectric function and photon chemical potential etc.). The function ( )j   is the fraction 

of photon at a given frequency from layer j to external environment, which can be 

calculated as follows [83]. 
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where j  is the dielectric function of layer j. jz  is the thickness of layer j. cz  and cz  are 

the front side and back side location of the cell. The detailed expression of the function F 

can be found in Ref. [33, 79, 82, 83]. 

Based on the expression of external radiative recombination provided by Trupke et 

al., a general expression of the ERRC can be derived by applying Boltzmann 

approximation on the generalized Planck equation [198]: 
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where     is the absorptance of the slab, which is derived based on geometric optics 

neglecting the directional emission of a thin film [198]. 

6.3 Thin Film Effect on the External Radiative Recombination Coefficient 

While the method present above is general, an intrinsic InAs slab is chosen as the 

example to show the thin film effect on external radiative recombination coefficient. With 

a direct bandgap of 0.354 eV around room temperature, InAs is a perfect candidate material 

to transform energy between infrared radiative energy and electrical energy. The dielectric 

function of InAs is depicted by the summation of absorption due to interband transitions, 

lattice resonance (optical phonon), and free carrier absorption. Milovich et al. developed a 

comprehensive model to numerically calculate the dielectric function of InAs, which 

manifests a very good agreement with experimental data at different doping levels and 
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temperatures [187]. Since the absorption edge of a narrow bandgap semiconductor can be 

affected under the heavily doped condition, the Moss-Burstein effect is also taken into 

consideration in this dielectric function model [187, 200, 201]. To be noted, the default 

temperature of InAs is set at 300 K for the discussion of the ERRCs. 

Figure 6.1 exhibits the ERRC of a InAs slab standing in the air (shown in the 

subplot in Figure 6.1), which is calculated by both FE and Trupke’s method using Eq. (6.7) 

and Eq. (6.10), respectively. The ERRC of the InAs film calculated by FE captures the 

coherent feature when the film thickness is less than 10 m; while the result calculated by 

Trupke’s method shows only a monotonical decreasing as the film thickness increases 

because the geometric optics is used in this method, which neglects the phase information 

of the propagating electromagnetic waves in the medium [2]. The direction-dependent 

emission is approximated by normal emission. Clearly, the ERRC calculated by FE can  

 

Figure 6.1 The ERRC of a InAs cell as a function of its film thickness. 
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align quite well with Trupke’s method at a thick-film regime (> 10 m) because the 

interference effect in the thin-film optics makes no difference for a thick medium and the 

emission intensity from the surface a thick medium is direction-independent. Therefore, 

Trupke’s model works perfectly for conventional PV cells and LEDs but not for thin-film 

optoelectronic devices. Moreover, the near-field effect is completely neglected in Trupke’s 

method. Nevertheless, the near-field effect is taken into account by FE, which should be 

used to model the external luminescence more accurately when the gap thicknesses of near-

field radiative energy converters are reduced to the submicron scale.  

 

Figure 6.2 (a) Spatial profile of the local ERRC of a cell in three different configurations 

at far-field regime. Spectral local ERRC of the InAs cell in (b) a cell configuration, (b) a 

far-field TPV configuration, and (c) a far-field TPV with a BGR configuration. 
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6.4 Spatial Effect on the Local External Radiative Recombination Coefficient  

In the far-field regime, the net radiative heat flux from an object is the difference 

between the radiosity and irradiation. This irradiation is closely related with the 

surrounding configurations. Therefore, the net radiative heat flux of an object would be 

affected by its surroundings.  Same conclusion can be applied to the external luminescence. 

Marti et al. have investigated the effect of different backside structures on the dark current 

of a solar cell, which is essentially the external radiative recombination if the charge 

transport loss and nonradiative processes are neglected [185].  Similar studies are also 

performed on the external luminescence and dark current of a near-field TPV cell in 

different configurations [79, 81, 111]. However, the spatial effect on the local ERRC has 

barely been investigated for thin-film radiative energy converters. In Figure 6.2(a), the 

spatial profile of the ERRC of a 400 nm intrinsic InAs cell is calculated for three different 

configurations, which are shown in the subplots. Compared to the cell configuration, the 

far-field TPV configuration has an optimized plasmonic emitter made of 30 nm indium tin 

oxide (ITO) and a bulk tungsten [8], which is separated from the InAs cell with a 1 mm 

vacuum gap. In Figure 6.2(a), the spatial profile of the local ERRC shows a symmetric 

valley-shape for both cell and TPV configuration, which indicates there is potentially 

higher emission possibility of recombined photons at two ends of the cell rather than the 

middle of the cell. The spectral local ERRC of these two configurations are plotted in 

Figure 6.2(b) and 2c. Most electron and hole pairs recombine and generate photons with 

energies from 0.354 eV to 0.45 eV due to the dominant contribution from interband 

transition in the dielectric functions. Owing to multiple reflections by the front and back 

interface in the cell configuration, these propagating photons formed a spatial coherent 
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pattern of emission possibility from the cell. When the film thickness is at micro- or 

nanoscale, this spatial coherent pattern exists for not only local absorption but also local 

external radiative recombination, which can be explained by applying the local Kirchhoff’s 

law to coherent absorption of a thin film [199, 202]. Compared to the cell configuration, 

the generated propagating photons in the TPV configuration are more likely recycled by 

the cell due to the additional multiple reflection by the plasmonic emitter. Therefore, the 

two red spots in Figure 6.2(c) are lower than those in Figure 6.2(b). In other words, the 

spatial profile of the local ERRC of the TPV configuration is reduced when compared to 

the cell configuration. Moreover, a TPV cell with a back gapped reflector (BGR) is also 

studied as an example because of its potentially better performance compared to the 

conventional TPV configurations in both far-and near-field regime [111, 192, 193]. This 

BGR structure is made of a 100 nm gold and a 10 nm vacuum gap between the gold film 

and the cell. To be noted, the dielectric functions of tungsten, ITO and gold can be found 

in Ref. [8] and [83]. By adding a BGR structure on the far-field TPV configuration, the 

spatial profile of the local ERRC is changed as shown in Figure 6.2(a). Figure 6.2(d) 

illustrates the dominant spectrum of generated photons is still close to the bandgap of InAs. 

The emission possibility at the middle is higher than that at the front side of the cell in this 

TPV-BGR configuration. The rise of the spatial profile of the ERRC at the back of the cell 

is due to the photon tunneling effect between the gold film and the cell, which will be 

discussed in the next paragraph.  

Strong near-field effect can affect the spatial profile of the ERRC of the TPV-BGR 

configuration. As shown in Figure 6.3, the ERRC increases as the separation distance 

between the plasmonic emitter and the cell (d) is reduced from 1 mm to 10 nm. At 
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nanoscale separation distance (d < 100 nm), both the frustrated modes in the InAs cell and 

the surface plasmon polaritons (SPPs) close to the surface of ITO are excited [176], which 

results the rise of  the local ERRC at the front side of the InAs cell. At large separation 

distance (d > 100 nm), the frustrated modes in the InAs film dominate the external 

luminescence, which results a shift-up from the black solid curve (d = 1 mm) to dashed 

blue curve (d = 100 nm). The SPPs excited on the surface of the gold lead to the rise of the 

local external radiative recombination coefficient at the back of the cell. Figure 6.4(a) 

shows the enhancement effect of the BGR structure on the spatial profile of the local ERRC 

for a near-field TPV cell. Compared to the TPV configuration, adding a BGR with a 10 nm 

vacuum gap can enhance photon tunneling effect due to the coupling of the SPPs on the  

 

Figure 6.3 Spatial profile of the ERRC as a function of the vacuum gap distance of a near-

field TPV cell with a BGR structure. 



 113

 

Figure 6.4 (a) Spatial profile of the local ERRC of the cell in a TPV and a TPV with a BGR 

structure. Spectral local external radiative recombination coefficient of the cell in (b) a cell 

configuration, (b) a far-field TPV configuration, and (c) a far-field TPV with a BGR 

configuration. 
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surface of ITO and frustrated modes in the InAs film. The Fabry-Perot effect brought by 

the emitter and the BGR modify the spatial coherent pattern of the ERRC and result in an 

emission boost at the middle part of the InAs cell (t = 150-350 nm). The enhancement of 

the local ERRC brought by the SPPs of the backside gold film is much smaller than that 

brought by the SPPs of ITO, since the plasma frequency of ITO is intentionally designed 

to match with the bandgap of InAs. Also, the skin depth of the coupled SPPs and frustrated 

modes at the front side is larger than that at the back side of the cell. However, the 

enhancement due to SPPs on the backside is significant at far-field regime for the TPV-

BGR structure, which is shown in Figure 6.2(d). Figure 4b and 4c illustrate the spectral 

local external radiative recombination coefficients of TPV and TPV-BGR configuration. 

The strong photon tunnelling phenomenon can be seen at the front side of the cell for both 

configurations. At every wavelength and location, the TPV-BGR configuration possesses 

a higher spectral local ERRC representing a better luminescence capability than the TPV 

configuration. 

6.5 Doping Effect of Narrow Bandgap Semiconductors 

As a narrow bandgap semiconductor material, the energy states at the bottom of the 

conduction and valence band are easily populated by free carriers. As the electron or hole 

concentration increases beyond the effective density of states in the conduction or valence 

band due to heavy doping effect, the InAs become degenerate, where the Moss-Burstein 

shift should be taken into consideration in the process of interband transitions.[203, 204] 

When the lower energy states of the conduction band or higher energy states of the valence 

band are filled, the interband transitions of the electrons at the valence band require photons 

with energies larger than bandgap. Therefore, the absorption coefficient due to interband  
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Figure 6.5 (a) Spatial profile of the local ERRC and (b) the IIQE of a near-field TPV cell 

with a BGR structure at different doping levels. NA = 3.7×1018 cm-3 is the boundary 

between a nondegenerate semiconductor and degenerate semiconductor for p-doped InAs 

at 300 K. 
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transition is reduced when the doping level is increased. As a reverse process of interband 

absorption, the interband emission (radiative recombination) has the same behavior as the 

interband absorption coefficient. Shown in Figure 6.5(a), the spatial profile of the ERRC 

of a p-type InAs in the TPV-BGR configuration remains almost unchanged at a lightly 

doping level (NA < 1018 cm-3). When the doping level increases from NA = 1018 cm-3 to NA 

= Nv(300 K) = 3.71018 cm-3, which is the effective density of states in the valence band at 

300 K, the spatial profile of the local ERRC decreases relatively significant and the ERRC 

of the cell decreases from 6.910-16 m3/s to 4.110-16 m3/s. To be noted, the local ERRC is 

also related with the IIQE based on Eq. (6.8). When the doping level increases, the 

numerator of the IIQE is reduced due to the Moss-Burstein shift. Based on the sum rule of 

dielectric function, the nonradiative contribution (mainly the contribution from free carrier 

at the wavelength above the bandgap) to the dielectric function of InAs further reduce the 

IIQE. Theoretically speaking, the reduction of the local ERRC is on account of 

combination effect of the Moss-Burstein shift and free carriers vibration. Nevertheless, as 

shown in Figure 6.5(b), the IIQE doesn’t change significantly even when the doping level 

is close to the effective density of states in the conduction band. Therefore, the Moss-

Burstein shift is dominant effect on the reduction of local external radiative recombination 

at a heavily doped InAs cell. 

6.6 Thermal Radiation and Luminescence of a Near-Field Thermoradiative Cell 

Due to low doping condition and low cell working temperature, the IIQE of a InAs 

cell can be assumed to be zero at the frequency below the bandgap energy and unity at the 

frequency above the bandgap energy, respectively, which is also referred as the ideal IIQE 

assumption. It is a common and reasonable assumption for radiative energy converters 
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made of the direct bandgap semiconductors with low doping levels. However, this 

assumption can cause substantial error when one is modeling the radiative energy 

converters made of heavily doped direct semiconductors even not necessary under 

degenerate conditions. The temperature effect on the IIQE of the heavily doped InAs is 

clearly illustrated in Figure 6.6. As temperature increases, the bandgap of InAs is shrunk 

 

Figure 6.6 Intrinsic internal quantum efficiency of a InAs cell as a function of photon 

energy at different cell temperatures. The p-type InAs is fixed at the same value of effective 

density of states in the valence band at a given temperature, which is the boundary between 

a nondegenerate semiconductor and degenerate semiconductor for p-type InAs at that 

temperature. 
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from 0.354 eV at 300 K to 0.273 eV at 600 K. As the temperature of InAs is increased, the 

effective density of states in the valence band increases proportional to 3 2T  [188].  

 

Figure 6.7 Spectral heat flux of the net thermal and nonthermal emission of a p-doped InAs 

cell in a near-field TR device with a BGR structure. The doping level is intentionally 

chosen at NA = Nv(600 K) to clearly show the contribution of thermal radiation and 

nonthermal radiation. The InAs cell with the gold BGR is set at 600 K and the cold side is 

made of a bulk tungsten and ITO film, which are set at 300 K. This near-field TR device 

is operating at the maximum efficiency with a given photon chemical potential ( = -0.052 

eV). For the ideal IIQE assumption, no thermal radiation is emitted above the bandgap 

energy. 
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Therefore, the doping level is also increasing as the temperature increases and the IIQE 

curves of higher temperatures approximate to 1 slower than that of lower temperatures as 

the photon frequency increases. For 300 K, the ideal IIQE assumption is rather reasonable. 

However, potential errors become inevitable if the ideal IIQE assumption is applied to a 

InAs cell in a near-field TR-BGR configuration, which is shown in the subplot in Figure 

6.7. Normally, for a TPV-BGR configuration, the hot emitter made of tungsten and ITO is 

contacting with hot source with higher temperatures and the cell is supposed to contact 

with a heat sink to maintain at a lower temperature. By switching the hot side with the cold 

side, the TPV-BGR configuration is turned into a TR-BGR configuration. The side of p-

type InAs with a BGR structure is fixed at 600 K, and the side of tungsten and ITO is fixed 

at 300K as shown in the subplot in Figure 6.7. The photon chemical potential is fixed at -

0.052 eV, which is corresponding to the maximum power condition of this TR cell. The 

ideal IIQE and real IIQE are used in the calculation to indicate that the ideal IIQE 

assumption can cause the substantial error of the net thermal and nonthermal emission. For 

a real IIQE, there should be two components of external emission: thermal emission and 

nonthermal emission. As the photon frequency increases, the IIQE approximates to unity 

indicating the interband transitions become dominant than the free carriers vibration. 

Therefore, the net thermal emission is decreasing as the photon frequency increases. When 

applying the ideal IIQE assumption, no thermal emission or absorption is existing above 

the bandgap energy of a InAs cell. The thermal contribution to the external emission is 

mistakenly turned into external luminescence. Hence, the total net nonthermal emission 

calculated by the ideal IIQE assumption is 7.4 kW/m2, which is overestimated by 11% 

compared to that calculated by real IIQE. This overestimation result in a critical difference 
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when predicting the performance of the TR cell in this near-field TR-BGR configuration. 

As shown in Figure 6.8, the maximum power predicted by ideal IIQE assumption is 1.04 

kW/m2, while the real maximum power is only 0.923 kW/m2. Same observation can be 

made for the maximum efficiency. Note, the efficiency of the above TR-BGR 

configuration is not practical because this configuration and selected materials are 

optimized for a near-field TPV, but not for a near-field TR. However, the observations 

provide evidence to support our conclusion that capturing the spatial effect and 

 

Figure 6.8 The power-efficiency curve of a near-field TR device with a BGR structure. The 

device parameters are the same as Fig. 7. To be noted, nonradiative generation processes 

(Auger and SRH) are neglected here. 
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using the accurate value of IIQE are important parameters to accurately predict the 

performance of a thin-film near-field energy converter. 

Instead of using the generalized van Roosbroeck-Shockley model, this work 

demonstrates that fluctuational electrodynamics should be applied to fully capture various 

local effects on the external radiative recombination of thin-film radiative energy 

converters. Spatial effect due to multiple reflections and near-field radiation can 

significantly modify the local ERRC and increase the ERRC by several orders of 

magnitudes. One should consider the doping effect on the external radiative recombination 

only for a radiative energy converter consisting of heavily doped semiconductor, where the 

Moss-Burstein shift should also be considered. The thermal and nonthermal contributions 

to emission and absorption in a thin-film radiative energy converter are quantitively 

distinguished. By comparing the predicted performance of a near-field TR-BGR 

configuration using a real IIQE and an ideal IIQE, we concluded that the IIQE is an 

important parameter to model a thin-film radiative energy converter. 
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CHAPTER 7. NEAR-FIELD RADIATIVE ENERGY 

CONVERTERS USING 2D METAMATERIALS 

 This Chapter introduces a contactless two-terminal structure made of hexagonal 

boron nitride (hBN) and indium antimonide (InSb) films. A near-field photonic thermal 

diode is proposed by coupling (or decoupling) the temperature-dependent internband 

absorption of InSb with the hyperbolic phonon polaritons (HPhP) in hBN. By employing 

the strong above-bandgap photon flux and the suppressed sub-bandgap heat flux, a near-

field thermoradiative device is theoretical demonstrated with a record high performance. 

7.1 A Near-Field Photonic Thermal Diode 

Analogous to its electronic counterpart, a thermal diode is a two-terminal device with 

an asymmetric thermal transfer function that depends on the direction of temperature 

gradient.[18] Photonic thermal diodes based on radiative heat transfer between the two 

terminals at different temperatures separated by a vacuum gap are enabled by the temperature-

dependent dielectric functions (or emissivities in the far field) of the materials used [205-209]. 

Photonic thermal diodes have advantages over phononic thermal diodes in terms of operating 

in a noncontact mode and over a relatively large temperature range. The rectification ratio is 

often used to quantify the performance of a thermal diode, and it is defined as f rR / 1,q q   

where fq  and rq  represent the magnitude of the forward and reverse heat fluxes, respectively. 

Researchers are seeking thermal diode designs with high rectification ratios for possible 

applications in energy conversion, electronic thermal management, building thermal 

regulation, and human thermal comfort. [18, 210] 
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Radiative heat transfer can be greatly enhanced in the near field (when the separation 

distance between the two objects is smaller than the thermal radiation wavelengths), 

especially with micro/nanostructures or metamaterials, and has been extensively investigated 

in recent years both theoretically and experimentally [2, 51, 72, 162, 211]. Near-field thermal 

modulation and rectification have also been demonstrated experimentally by several groups 

[212-215]. Otey et al. proposed the first photonic thermal rectification scheme based on the 

temperature dependence of electromagnetic resonances in different SiC polytypes and 

predicted a rectification ratio of 0.41 at a 100 nm vacuum gap with a temperature difference 

of 200 K.2 Wang and Zhang theoretically investigated thermal rectification between dissimilar 

materials and predicted R = 9.9 with a 5 nm vacuum gap between Si and SiO2 at temperatures 

of 1000 and 300 K, respectively [206]. Thermochromic materials and metal-to-insulator phase 

change materials (PCMs) such as VO2 have been extensively studied for use in photonic 

thermal diodes in both the near field [216, 217] and the far field [218-221]. Graphene-coated 

structures have also been considered to build photonic thermal diodes [222, 223]. The best 

estimated rectification ratios with planar or multilayer films are around 10 as summarized by 

Wen et al. [224] Furthermore, asymmetrically patterned photonic nanostructures have been 

considered to achieve higher rectification ratios (R > 10) [225]. By coupling a PCM (VO2) 

with gratings and multilayered nanostructures, Chen et al. numerically demonstrated R  24 

at a 50 nm vacuum gap with a temperature difference of 10 K above and below the VO2 

transition temperature of 341 K [226]. High rectification ratios may also be achieved with 

superconductors but the operating temperatures are limited to below 20 K [227, 228]. 

In this work, a near-field photonic thermal diode is proposed with a semiconductor 

InSb film and a hexagonal boron nitride (hBN) sheet. The underlying mechanism is to 
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couple/decouple the interband absorption of InSb with the hyperbolic phonon polariton 

(HPhP) of hBN in the mid-infrared region. InSb is a narrowband semiconductor material with 

a bandgap energy Eg  0.175 eV (corresponding to a wavelength of  7.1 m) and has been 

considered for near-field thermophotovoltaic applications [88, 121]. The bandgap energy 

increases as the temperature is lowered, resulting in a shift of the interband absorption edge 

toward short wavelengths [229, 230]. In recent years, hyperbolic metamaterials have been 

extensively studied for subwavelength imaging and near-field radiative transfer [2, 51, 162, 

231, 232]. Some naturally occurring 2D materials with layered structures (such as hBN) 

exhibit hyperbolic bands and support HPhPs [233]. Near-field radiative heat transfer can 

greatly exceed the blackbody limit at nanoscale separation distances when HPhPs are excited 

in the hBN sheets [234, 235]. The strong temperature dependence of the absorption edge 

allows the absorption of InSb to couple (or decouple) with the hyperbolic band of hBN, when 

the temperature of InSb is higher (or lower) than that of hBN. The scheme proposed here may 

enable a higher rectification ratio without using gratings or nanoparticles.  

As shown in Figure 7.1(a), the photonic thermal diode consists of an InSb film, whose 

thickness is 1h  at temperature 1T  and a hBN sheet whose thickness is 2h  at temperature 2T , 

separated by a vacuum gap of distance d . The medium behind InSb (or hBN) is assumed to 

be vacuum that extends to infinity and is at a thermal equilibrium with the adjacent solid. The 

net heat flux from medium 1 to medium 2 is represented by 12q . Each medium includes the 

infinitely extended vacuum behind the film. FE and a transfer matrix method are used to 

calculate the near-field radiative heat transfer between two thin films. The net heat flux from 

1 to 2 is given by simplifying Eq. (2.21) 
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where  ,T  is the mean energy of the Planck oscillator as defined in Chapter 3. 

2 2
x yk k k   is the magnitude of the wavevector in the x-y plane with kx and ky being the x 

and y components of the wavevector, and  ,j k    is the energy transmission coefficient for 

either transverse electric (TE) waves (s-polarization) or transverse magnetic (TM) waves (p-

polarization). The energy transmission coefficient is calculated from Eq. (2.21) 
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where 0 /k c  is the wavevector with c being the speed of light in vacuum,  

 1/22 2
0 0zk k k    is the z-component wavevector in vacuum, and 1 jr  or  2 jr  is the reflection 

coefficient of the semi-infinite media including InSb or hBN, respectively. The reflection 

coefficients are calculated by treating hBN as a uniaxial thin film and InSb as an isotropic 

medium [2, 162]. The dielectric functions of hBN and InSb are needed for computing the 

radiative heat flux. 
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Figure 7.1 (a) Schematic of the near-field radiative thermal diode with an InSb film 

(thickness 1h ) and hBN sheet (thickness 2h ) at temperatures of 1T  and 2T , respectively, 

separated by a vacuum gap of distance d. (b) Ordinary and extraordinary dielectric 

functions (real part only) of hBN, showing the two hyperbolic bands. (c) Dielectric 

functions of hBN near type II hyperbolic band, noting that the imaginary part of the 

extraordinary component is negligibly small in this region. (d) The imaginary part of the 

dielectric function of InSb at different temperatures. 
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The hBN sheet is a uniaxial medium due to its layered structures. In the present study, 

the optical axis of hBN is parallel to the z-direction so that its dielectric tensor may be 

expressed as 2 diag( , , )      , where   is the ordinary dielectric function (when the 

electric field is in the x-y plane) and   is the extraordinary dielectric function (when the 

electric field is parallel to the optical axis or z-axis). Lattice vibrations in either the in-plane 

or out-of-plane direction result in a mid-infrared Reststrahlen band in the ordinary or 

extraordinary dielectric function, respectively. Therefore, the dielectric functions of hBN can 

be modeled as [233, 234] 

 2  2
LO, TO,

,  2 2
TO,

( ) 1 m m
m m

m mi

 
  

   

 
  
   

     (7.3) 

where   is the angular frequency, m   or   ,   is a high-frequency constant, TO and 

LO represent transverse optical phonon and longitudinal optical phonon modes, 

respectively, and   is the damping coefficient. These parameters are taken from Kumar et 

al. [233] and assumed to be independent of temperature. The real parts of dielectric 

functions of hBN are shown in Figure 7.1(b). There are two hyperbolic bands in which 

0    . Type II hyperbolic band with 0   in the region 0.17 eV 0.20 eV   is 

shaded, because it plays a key role in the proposed thermal diode. As shown in Figure 

7.1(c), a large spike occurs in the imaginary part of the ordinary dielectric function ( ) 

near 0.17 eV, and   decays quickly toward higher and lower photon energies; this 

suggests a strong resonance at  TO,   . The real part of the extraordinary dielectric 

function (  ) is nearly a constant ( 2.8 ), while the imaginary part (  ) is negiligibly small 

for 0.15 eV   and thus not plotted.  
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 As a widely used narrow bandgap semiconductor, the interband absorption 

coefficient of InSb is strongly temperature dependent [229, 230]. The dielectric function 

of intrinsic (undoped) InSb can be approximately modeled as [88] 

2
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Here, 1n  is the refractive index, and  is the absorption coefficient due to interband 

absorption given by 
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where    g gT E T    is the angular frequency corresponding to the bandgap energy 

gE  with   being the reduced Planck constant. It is reasonable to use the fitting value of 

1
0 7000 cm   for all temperatures [88, 232]. It should be noted that Eq. (5) did not 

consider the effects of lattice vibration, free-carrier absorption, and the Ürbach tail [236]. 

These effects will be discussed later. The temperature-dependent bandgap energy of InSb 

was fitted to the Varshni relation as follows:   4 2
g 0.235 2.7 10 / ( 106)E T T T    , 

where T is in (K) and gE is in (eV) [230]. This relation has been experimentally validated 

from about 10 to 600 K [230, 237]. As shown in Figure 7.1(d), the bandgap energy (the 

rising point of the curve) shifts to smaller values as the temperature increases. For InSb, 

the imaginary part of the dielectric function is proportional to the absorption coefficient if 

the refractive index is taken as a constant ( 1 3.96n  ) [238]. As the temperature increases, 

the interband absorption spectrum of InSb approaches and then overlaps with the 
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hyperbolic band of hBN, i.e., shaded region in Figure 7.1(d). Coupled with the HPhPs of 

hBN, photon tunneling can occur through the nanoscale vacuum gap in a narrow band 

when the InSb film is at a relatively higher temperature.  

Consider h1 = 100 m (InSb), h2 = 5 nm (hBN), and a vacuum gap of d = 10 nm. 

Though maintaining such a small vacuum gap between two thin films poses practical 

challenges, the purpose here is to demonstrate the promising performance of the proposed 

device. The heat flux 12q  is calculated with an average temperature  

 avg 1 2 2 300 KT T T    and plotted in Figure 7.2 as a function of the temperature 

difference 1 2T T T    for both the forward and reverse bias cases. For the structure 

considered here, the forward bias is when 1 2T T  so that f 12q q . For the reverse bias, 

r 12q q   because 12q  is negative. The nanometer thickness of hBN is chosen to obtain 

strong resonance with sharp peaks in the heat flux spectrum at nanometer distances [235]. 

The curve resembles the current-voltage curve of a diode (dark current curve) with an 

exponential growth of the heat flux in the forward direction and a much smaller magnitude 

in the reverse direction. In contrast, for thermal diode made of VO2, the heat flux changes 

linearly with temperature difference (though the slope is different between the forward and 

reverse biases) [226]. In the reverse direction, the heat flux does not change significantly 

with the proposed design. Therefore, increasing the temperature difference results in an 

increase in the rectification ratio. The rectification ratio is also shown in Figure 7.2 as a 

function of | |T  using the double y-axis plot. When 200 KT  , R = 17.1, which 

surpasses previously reported figures in the similar temperature range for planar or 

multilayered structures at 10 nmd  . The heat flux with 1 400 KT   and 2 200 KT   is 
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about 9.7 times that between two blackbodies at these temperatures. The near-field heat 

flux enhancement between InSb and hBN is not as strong as that between two hBN sheets 

[234, 235]. When the heat flow direction is reversed (i.e., 1 2200 K, 400 KT T  ), the 

heat flux is about 53% that between two blackbodies. The reduction is presumably due to 

multiple reflections with the InSb and hBN layers. Even with a smaller T , relatively  

 

Figure 7.2 The net heat flux and rectification ratio vs the temperature difference for the 

proposed near-field photonic thermal diode calculated at an average temperature of 300 K for 

h1 = 100 m, h2 = 5 nm, and d = 10 nm. 
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large R values can still be achieved: for example, R = 2.17, 5.13 and 9.67, when T  = 

60, 92 and 120 K, respectively. Note that another way to characterize the thermal 

performance is to use a rectification efficiency defined as r f1 /q q   . A rectification 

ratio of 9.67 or 17.1 corresponds to  = 0.906 and 0.945, respectively. 

The spectral heat flux q() for both the forward and reverse scenarios is shown in 

Figure 7.3(a) when T = 200 K and the other conditions are the same as for Figure 7.2. The 

spectral heat flux between two blackbodies at 400 K and 200 K is also shown for comparison. 

The forward q() is significantly higher than that for the reverse case heat flux near the 

hyperbolic region. Since  g 400 K 0.15 eVE  ,  q   for the forward bias starts to increase 

at 0.15 eV   due to frustrated modes [213], which increases sharply at 0.17 eV where 

  reaches a peak. As   increases beyond 0.17 eV, it falls in the hyperbolic band of hBN 

where q() continues to increase and reaches a peak near 0.182 eV and then decreases as   

further increases. Interference within the InSb film causes oscillations in the heat flux spectra 

for gE  . When 0.15 eV  , the dielectric function of InSb is the same at 200 K and 

400 K, and the forward and backward spectra overlap with each other. Because InSb is treated 

as nonabsorbing in this region, only propagating waves in vacuum can be supported. 

Furthermore, surface reflection results in a reduction of the heat transfer that is even smaller 

than that between two blackbodies. The oscillations continue for the reverse bias Eg(200 K)  

0.2 eV. A small peak occurs at 0.17 eV in the reverse scenario due to the spike in  . For the 

reverse bias, there is a quick rise in q() near 0.2 eV; however, the magnitude is relatively 

small since it is beyond the hBN hyperbolic band and only propagating waves in vacuum can 

be supported. For 0.23 eV  , the difference between the forward and reverse scenarios is  
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Figure 7.3 (a) Spectral heat flux for both the forward and reverse scenarios and between 

two blackbodies for T = 200 K and Tavg = 300 K, and the other conditions are the same as 

for Figure 7.2(b) Contour plot of the transmission coefficient under the forward bias.  
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negligibly small. In this region, the absorption by the thin hBN sheet is negligible so that only 

propagating waves in vacuum are supported. No interference effects are expected at 

0.20 eV  , since the InSb film is essentially opaque in this region. In this case, the surface 

reflection between vacuum and InSb is dominated by the refractive index rather than the 

absorption coefficient. Hence, the forward and backward q() almost overlap with each other. 

The contour plot of the transmission coefficient is shown in Figure 7.3(b) for the 

forward bias to gain a better insight of the hyperbolic modes. The hyperbolic dispersion 

curve is observed in the region from 0.17 eV to 0.19 eV (though it extends to about 0.2 eV) 

where HPhPs are excited. At small k  values, there is a bright spot near 0.17 eV which is 

attributed to frustrated modes in InSb. As mentioned previously, these modes give photon 

tunneling for   from 0.15 eV to 0.17 eV, although with a lower transmission coefficient 

away from 0.17 eV. There exist propagating waves in InSb that can be tunneled through 

the vacuum gap at 1 0k n k  due to frustrated total internal reflection [2]. The hyperbolic 

modes support photon tunneling at high k  values, resulting in greater enhancement of the 

near-field heat flux [162]. Due to the shift of the bandgap, HPhPs cannot be excited in the 

reverse biased scenario. 

Parametric sweeps were conducted to help understand the role of thicknesses and 

vacuum gap on the performance of the proposed photonic thermal diode. The calculation 

results show that the effect of the InSb thickness is small. When 1 10 μmh  , the heat fluxes 

and rectification ratio are almost constant. Therefore, h1 = 100 m is used in all calculations 

without further discussion. The effects of d and h2 on the rectification ratio are shown in Figure 

7.4 for the two terminal temperatures of 400 K and 200 K. In general, reducing d gives rise to 

the forward heat flux, resulting in a higher rectification ratio. From practical consideration, 
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the smallest d value is taken to be 10 nm. When d is increased to 50 nm, the rectification ratio 

reduces to less than 2. As h2 increases, R increases and reaches a plateau for small d values. 

For d = 10 nm, R reaches a maximum at h2 = 5 nm and decreases slightly as h2 increases. Even 

when h2 = 1000 nm, the rectification ratio is greater than 15.4. For 20 nmd  , the R = 4.54 

(or rectification efficiency  = 0.82) at h2 = 10 nm.  

It can be seen from Figure 7.2 that the rectification ratio increases with the 

temperature difference. Furthermore, the average temperature may also affect the photonic 

thermal diode performance. In Figure 7.5, the forward and reverse heat fluxes and the 

rectification ratio are plotted as a function of the absolute temperature difference for Tavg =  

 

Figure 7.4 Rectification ratio vs the thickness of hBN films at different vacuum gap 

distances, when the thickness of InSb is fixed at 100 m for T = 200 K and Tavg = 300 K. 



 135

300 K, 350 K and 400 K. The lower and upper temperature limits are set as 50 and 600 K, 

respectively. Therefore, the maximum | |T  is set to 500 K for Tavg = 300 and 350 K, and 

400 K for Tavg = 400 K. As shown in Figure 7.1(c), as the temperature increases, the band 

edge of InSb moves toward lower frequencies and starts to overlap with the hBN 

hyperbolic band. The coupling becomes stronger when the temperature of InSb increases 

to beyond 300 K where Eg  0.175 eV. For Tavg = 300 K, the rectification ratio exceeds 10 

when the lower temperature terminal is below about 240 K at which Eg  0.19 eV is near 

the peak of the spectral heat flux as shown in Figure 7.3(a). This explains why the 

rectification ratio is smaller for higher Tavg when | |T  is relatively small. Crossovers occur 

as | |T  increases, and the highest rectification ratio for 400 KT   occurs at Tavg = 400 

K where R = 36.7 and 5 2
f 1.57 10  W/mq   , which is 21.6 times that between two 

blackbodies at 600 and 200 K. For Tavg = 350 K and 500 KT  , the rectification ratio is 

close to 38. When 1T  is increased from 400 and 600 K, the absorption coefficient of InSb 

increases, which subsequently enhances the coupling with the hBN hyperbolic band. The 

rectification ratios obtained from this study exceed the literature values between planar as 

well as grating structures in the similar temperature range. Compared to the photonic 

thermal diode employing PCMs, the proposed device can afford a wider range of working 

temperatures with higher rectification ratios when operated at nanoscale vacuum gaps. 

The model given in Eq. (5) neglects the absorption of InSb completely below the 

bandgap. There are three absorption mechanisms that should be considered in practice. The 

optical phonon of InSb is in the far infrared at    0.024 eV. It does not overlap with the 

hBN absorption bands and hence should be negligible. Free carriers contribute to sub- 
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Figure 7.5 (a) The net heat flux and (b) rectification ratios verse the temperature difference 

of the near-field photonic thermal diode at Tavg of 300, 350, and 400 K, the other conditions 

are the same as in Figure 7.2. 
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bandgap absorption, especially above room temperature [229]. By setting 

1 15 cm  and 10 cm    at g  , the rectification ratios for Tavg = 300 K and T  = 200 

K reduce by 11% and 17%, respectively; this is mainly due to the increase in the reverse 

heat flux. It should be noted that for the reverse bias, InSb is at the lower temperature side, 

and therefore, the effect of free carriers should be smaller than 10%. Another effect is the 

Ürbach tail, since the absorption coefficient does not drop suddenly to zero right below the 

bandgap. This issue is complicated because of inconsistencies in the measurements.42 

According to Kurnick and Powell [239], the absorption coefficient drops from 100 to 1 cm-

1 within 0.01 eV at 78 K. Therefore, including a Ürbach tail should not significantly impact 

the performance. Further improvement could be made by using a more realistic model that 

fits the temperature-dependent absorption coefficients of InSb. 

In summary, a near-field photonic thermal diode is proposed by coupling the interband 

absorption of an InSb film with the HPhPs in a hBN sheet. The temperature dependence of 

the band edge absorption of InSb enables the thermal diode behavior. A high rectification 

ratio of more than 17 is predicted at a 200 K temperature difference with an average 

temperature of 300 K. When the average temperature is increased to 350 K for a temperature 

difference of 500 K, calculations show that the rectification ratio is near 38. This work 

theoretically demonstrates a promising mechanism to achieve photonic thermal rectification 

with large rectification ratios without patterning. 

7.2 A Near-Field Thermoradiative Device 

A TR cell generate electricity by emitting out photons above bandgap energy. Similar 

to an ideal TPV or PV cell, an ideal TR cell can exhibit a high performance when the sub-
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bandgap emission is suppressed and above-bandgap photon emission concentrates in a 

spectrum close to bandgap energy. If we investigated the spectral heat flux of the forward bias 

case of the photonic thermal diode shown in Figure 7.3(a), most of the radiative heat flux are 

carried by the photons with energies larger than and close to the bandgap of InSb [240]. 

Because of this spectral matching of interband transition of InSb and hyperbolic band of hBN, 

this structure is a well-designed near-field TR device. However, to improve the photon 

fraction above bandgap energy and reduce the nonradiative processes, a thin-film InSb is 

usually preferred for a TR device [10, 125, 241]. Therefore, a 50 nm InSb thin-film is selected 

as the  

 

Figure 7.6 The -P curves of the near-field thermoradiative device at different working 

temperatures (T1 = 500 K, 550 K, and 600 K). 
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TR cell, while the thickness of hBN and vacuum spacing is fixed at 5 nm and 10 nm, 

respectively. A multilayer FE for a uniaxial anisroptic stratified medium is applied to calculate 

the film absorption [242]. The device performance is calculated by detailed balance analysis 

without considering the nonradiative processes. The efficiency-power density characteristic 

(i.e., the -P curves) are shown for different working temperatures in Figure 7.6. The optimal 

efficiency of this near-field TR cell can reach 40% when the temperature of the hot side is 

600 K. While the optimal output power density can achieve as large as 1.5 W/cm2, which 

exceeds any TR devices in the literatures. A parametric study is required to further 

demonstrate the performance of this near-field thermoradiative device with the consideration 

of spatial effect on the ERRC [243]. 
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CHAPTER 8. CONCLUSIONS AND FUTURE WORK 

This dissertation studies the unique phenomena of the photon and charge transport 

in semiconductor radiative energy converters at micro/nanoscales. A photon-charge 

coupled model is summarized as a promising and comprehensive modeling method to 

characterize the performance of different kinds of radiative energy converters for both far- 

and near-field operation conditions. The significance of the photon chemical potential on 

the performance of radiative energy converters working at near-field regimes is 

theoretically demonstrated, especially for near-field TPV devices. The application of the 

fluctuational electrodynamics (FE) in the modeling of radiative energy converters are 

critical, since conventional assumptions and modeling methods are demonstrated invalid 

at micro/nanoscales. The employment of 2D materials in the radiative energy converters 

and photonic thermal diodes can greatly enhance the performance of these near-field 

optoelectronic devices. 

The photon-charge coupled transport phenomenon of near-field radiative energy 

converters can be detailed characterized by the iterative modeling method combining the 

drift-diffusion equations and FE for electrical and optical processes modeling, respectively. 

The spatial profile of the photon chemical potential is calculated for two near-field TPV 

cells, which illustrates zero or constant photon chemical potential are not valid to capture 

the effect of charge distribution inside the semiconductor devices. The difference between 

the results obtained by the iterative solver and detailed balance analysis with the two 

conventional assumptions demonstrates the limitation of the conventional modeling 

approaches. At high-level injection for a thin-film near-field TPV cell, the photon chemical 
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potential is higher than the value of the working bias. The criterion of noticeable effect 

brought by photon chemical potential is discussed for different semiconductor materials 

and emitter temperatures. 

The effect of evanescent waves on the dark current of a near-field TPV cell is 

essentially the near-field effect on the external luminescence, which is a common 

phenomenon existing in a working radiative energy converter. When the cell thickness is 

less than 1 m, van Roosbroeck-Shockley model could possibly underestimate the total 

external radiative recombination rate, which is only fifth of the result calculated by FE for 

thin-film radiative energy converters. The calculation of the local ERRC can guide the 

design and optimization of thin-film radiative energy converters. By introduction of IIQE, 

the thermal and nonthermal radiation are quantitatively distinguished at the spectrum larger 

than the bandgap energy. The importance of IIQE is illustrated by investigating the doping 

effect on the local ERRC.  

A near-field photonic thermal diode using hBN and InSb is demonstrated a high 

rectification ratio. This work makes a major contribution in thermal circuit and thermal 

management community by providing a novel mechanism to achieve thermal diodes. A 

preliminary calculation is also presented to demonstrate the realization of a near-field TR 

device using the same structure and materials. It is intriguing to further improve the 

performance of existing radiative energy converters or even develop new optoelectronic 

devices enabled by the coupling between 2D materials and semiconductors. 
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