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Abstract 

Thermophotovoltaics is an energy harvesting technology where infrared 

light, commonly experienced as heat, is converted into electricity using the 

photovoltaic effect.  The three major components of a TPV device are a thermal 

emitter, filter, and photodiode.  This work seeks to improve upon this technology 

by addressing each of these individual components.  The emitter is improved 

upon by using novel metamaterials and designs to create a selective, and highly 

tunable, radiator.  This work is the first to test metamaterial emitters at high 

temperatures.  The filter component is addressed by using photonic crystals to 

create a tunable, front-side filter, which shows good selectivity and light trapping 

abilities.  The photodiode is explored twofold:  First by using novel device 

designs including strained-layer type-II superlattices and unipolar barrier diodes 

this works shows that extending the operational wavelength of 

thermophotovoltaics is feasible, opening up a new range of applications.  This is 

accomplished primarily through simulation of long-wavelength TPV devices.  

Secondly, interfacial misfit arrays have been investigated towards the goal of 

replacing gallium antimonide as the requisite substrate with cheaper, although 

lattice mismatched materials.  By improving the subcomponents of a TPV device 

individually, this work enables greater device and system efficiencies and paves 

the way for a myriad of TPV devices and applications.  
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Chapter 1 : Introduction  

Energy is paramount to our present way of life.  It is necessary for heating, 

cooling, sanitation, clean water, food production, refrigeration, and essentially 

everything that we need to survive with a modicum of comfort.  It also provides 

for all that goes above and beyond survival, enabling a quality of life never before 

seen in human history.  The present modality of energy generation, however, 

leads to pollution, climate change, and has little system redundancy.  If we are to 

continue our present lifestyle and increase the quality of life for much of the rest 

of the world, our methods of generating energy must advance in kind.  We need 

solutions that donôt rely on finite resources and that do not pollute.  Not only do 

we need cleaner, sustainable solutions, but we need increased generation capacity 

for the world is developing and growing at an incredible rate. 

Thermophotovoltaic (TPV) technology has the potential to be part of this 

solution.  TPV is a heat-to-electricity conversion technology that has promise in 

waste-heat recovery, where it can make current energy intensive processes more 

efficient and enable secondary generation of electricity.  TPV has incredible 

potential due to its ability to use almost any source of heat as a potential source of 

electricity.  These sources can vary widely, ranging from conventional fossil fuels 

to nuclear reactions, from radio-isotope decay to industrial waste-heat, from the 

sun to the human body to whatever feasible source of heat one can think of.  The 
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myriad of possible sources of energy for this technology makes it an ideal 

candidate for both large- and small-scale distributed generation and as such is 

poised to help solve the energy problems facing our society today. 

Waste-heat harvesting is an especially attractive candidate application for 

TPV.  Even with the current focus on renewable energy, waste-heat and 

transmission losses account for approximately 57% of all of the energy generated 

in the US in 2010
1
 and, therefore, waste-heat recovery has a huge (and presently 

neglected) potential for secondary energy generation and energy efficiency.  To 

better understand the potential of TPV, recovering just 1% of the 56 quads of 

energy wasted per year could power up to 13 million homes: based on statistics 

from the Environmental Protection Agency and Energy Information 

Administration
2
. 

Although almost any source of heat can theoretically be used by TPV, 

presently only high temperature sources, roughly 1000°C and greater, are able to 

work with an appreciable efficiency.  This greatly limits the use of TPV to areas 

where a combustion source or other high temperature source is available.  One of 

the goals of this work is to make TPV viable for lower temperature heat sources 

and, therefore, be useful for a much wider range of applications.  Another goal of 

this work is to use nanostructures to not only improve different aspects of PV 

devices, but to integrate these improvements towards increased system and device 

performance.  Additionally, present methods of producing thermophotovoltaic 
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cells can be expensive; another aspect of this work is investigating the use of 

alternative methods to decrease the cost of materials in fabrication. 

This introduction presented the need for solutions to energy issues in the 

world and provides motivation for using thermophotovoltaic devices.  This thesis 

will explore various aspects of TPV technology.  Background information is  

given for the different components investigated, explanations of the methods used 

to create and test the devices is presented, and a review of previous work and 

literature is given, all leading up to results obtained in the work presented here. 
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Chapter 2 : Background  

The goal of the work discussed in this thesis is the improvement of 

thermophotovoltaic energy harvesters.  There are several specific areas addressed; 

the first is extending the operational range of TPV further into the infrared, so that 

lower temperature heat sources may be used.  Another is the creation of TPV cells 

on highly lattice mismatched substrates for versatility and potential cost 

reductions.  This work also seeks to develop metamaterial emitters that will 

enable higher performing selective emitters as well as photonic crystal filters to 

act as a front side filter to improve the matching of the incident spectrum and 

photovoltaic diode.  Through improving the individual components of a TPV 

device, we seek to increase system efficiencies through better spectral matching 

between the emitter, filter, and photovoltaic diode. To better understand the 

results obtained and progress made, this chapter includes background material on 

these distinct, although related, topics. 

 

2.1 Semiconductors and Light 

Thermophotovoltaics converts infrared radiation (another term for radiated 

heat) into electricity.  Infrared radiation is a portion of electromagnetic (EM) 

radiation similar to visible light, only it lies just outside of our range of vision.  

Like all EM radiation, it has an electric field and a magnetic field and contains 
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various amounts of energy corresponding to its wavelength, frequency, and 

intensity.  The heat one feels on their skin when standing under the sun is the 

infrared light radiating from the sun.   

 

Figure 2.1: Electromagnetic Spectrum 
3
 

 

TPV converts infrared radiation into electricity via the photovoltaic 

effect.
4
  This effect occurs when a voltage is formed in a semiconductor due to 

EM radiation incident upon a material.  Photons (quanta of EM radiation) collide 

with atoms and excite electrons into higher energy states.  This creates free 

electron and hole pairs, each acting as charge carriers, as can be seen in Figure 

2.2.  An electron starts in the valance energy band, and with the added energy 

from the photon, is able to move into the conduction band: the first partially 

empty band in a semiconductor.  The conduction band is the energy level in 

which electrons are able to freely move throughout a crystal lattice, and are thus 

able to flow towards the contacts and create a current.  Free electrons act as 

negative charge carriers, and holes, which are electron vacancies in the valance 
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band, can be thought of as positive charge carriers.  Thus with these electron-hole 

pairs, charge is able to be carried throughout the material.   

The bandgap of a material is the energy difference between the valence 

band and conduction band.  It is most commonly measured in electron volts (eV) 

and referred to as EG.  As shown in Figure 2.2a, the bandgap is the difference 

between EC (energy level at the bottom of the conduction band) and EV (energy 

level at the top of the valence band).  The bandgap is the determining factor in 

what wavelengths of light are able to be absorbed and create electron-hole pairs.  

The smaller the bandgap is the less energy is required to excite an electron from 

the valence band to the conduction band; this corresponds to a longer wavelength 

of light that can be absorbed.  No electrons can normally exist in this region, so 

for a photon to create an electron-hole pair, it must have energy greater than that 

of the bandgap. 
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Figure 2.2: (a) A photon with energy greater than EG can excite an electron from 

the VB to the CB.  (b) Each line between Si-Si atoms is a valence electron in a 

bond. When a photon breaks a Si-Si bond, a free electron and a hole in the Si-Si 

bond is created.  
5
 

 

There are two different types of bandgaps, direct and indirect:  A direct 

bandgap transition occurs when the k-vectors (momentum of particles in a crystal) 

of the maximum energy state in the valence band and the minimum energy state 

in the conduction band are aligned, as shown in Figure 2.3b.  In a direct transition, 

no energy is lost to the crystal lattice.  A material with an indirect bandgap, 

however, loses some of the absorbed energy because the k-vectors of the 

conduction and valence band do not match; the energy which corresponds to the 

changing momentum vector is lost to phonon creation.  Phonons can be 

conceptualized as vibrations in the crystal lattice.  Materials with a direct 

bandgap, such as gallium arsenide (GaAs), are more desirable for optoelectronic 
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applications than indirect bandgap materials, such as silicon or germanium, 

because less energy is lost to parasitic heat sources.  

 

 
Figure 2.3: ñEnergy band structures of (a) Si, which is an indirect-gap 

semiconductor, and (b) GaAs, which is a direct-gap semiconductor.ò 
6
 

 

 

The basic structure for thermophotovoltaic (TPV) cells is a p-n junction 

semiconductor diode.  Intrinsic semiconductors, which are ideally pure crystals, 

have an occupied valence band and empty conduction band at absolute zero with 

zero conductivity, as the temperature rises electrons are promoted into the valence 

band by thermal energy, thus increasing the conductivity.
3
  Impurities are often 

added to semiconductor material in order to change its electrical properties.  This 

process is called doping, which changes an intrinsic semiconductor into an 

extrinsic or doped one.  Typical doping values range from 10
15

 to 10
18

 dopant 

atoms / cm
2
, while the bulk material has about 10

23
 atoms/cm

2
.  Dopant atoms 
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which donate electrons are called n-type, while dopants which accept electrons, 

generating holes, are called p-type.  These designations indicate which charge 

carrier (holes or electrons) acts as the majority carrier in the material.  A p-type 

semiconductor will have holes as the majority carrier, while an n-type 

semiconductor will have electrons as the majority carrier.  A p-n junction is the 

interface where a p-type semiconductor meets an n-type semiconductor.  This 

junction creates a depletion region (a region depleted of majority carriers) which 

helps to keep electrons on the p-type side and holes on the n-type side.  An 

electric field is formed due to the buildup of charge across the depletion region 

which serves to push carriers formed in the depletion region to its edges.  A 

homojunction is an interface of the same material which has different doping on 

either side of the junction.  A heterojunction, however, is comprised of two 

different semiconductors which have different doping on either side of the 

junction.   

It is important to understand the theory behind blackbody radiation, as 

blackbody radiators are used to measure and characterize the thermophotovoltaic 

cells and TPV components discussed in this introduction.  A blackbody is defined 

as a body which absorbs all incident radiation, and more importantly for our uses, 

a blackbody is not only a perfect absorber but a perfect emitter as well.  A 

blackbody radiation arises from the vibrations on a molecular and atomic scale 

when a body is heated; these vibrations are also called phonons.  Thus phononic 

vibration causes photons to radiate according to the blackbody curve.   
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The electromagnetic spectrum radiated by a blackbody is given by 

Planckôs law according to Equation 2.1 which is a function of absolute 

temperature, T, and wavelength, ɚ: 

 
Å ʇ ȟ4

ςʌϽÈϽÃϽÄʇ 

ʇ Å
Ͻ
 ϽϽ ρ

 ȟ  
Equation 2.1 

 

where h is Planckôs constant, k is boltzmannôs constant, and c is the speed of light 

in a vacuum.  The overall power emitted from a body is given by the Stefan-

Boltzmann Law: 

 0 !ʀʎ4 ȟ  Equation 2.2 

 

Where A is the surface area, Ů is the emissivity of the body and is equal to 

1 for a blackbody, ů is the Stefan-boltzmann constant, and T is temperature. The 

peak wavelength is determined by Wienôs displacement law: 

 
ʇ

Â

4
 Equation 2.3 

 

where b is Wienôs displacement constant, which is equal to 2.8978 x10
-3

m*K.
7
 

  

Blackbody radiators are an idealization and as such there are no perfect 

blackbodies in real life, however certain materials come close, such as carbon 

black, platinum black, gold black, and silicon carbide.
8
  A common laboratory 

blackbody radiator is a cavity blackbody, which are constructed with highly 
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emissive material inside a cavity with a small opening.  Thus, any radiation that 

enters the hole is essentially trapped, or if the cavity is heated whatever radiation 

that escapes the aperture will behave like a blackbody.   

 

 

Figure 2.4: ñSpectral emittance in (W m
-2
ɛm

-1)
 for a blackbody at several 

different temperatures (ambient, 300 K; óred hotô, 1200 K; surface of the Sun, 

8000 K).ò 
9
 

 

2.2 TPV Components and Structure 

A TPV generator primarily consists of three major parts: an emitter, a 

filter, and the TPV cell itself as shown in Figure 2.5.  The emitter and filter enable 

spectral control for the system, where the energy from the heat source is modified 

and optimized for the TPV cell or vice-versa.  Emitters and filters have undergone 

much research and constitute sub-fields of their own.  The emitter absorbs energy 

from the heat source and re-emits it at wavelengths more favorable for absorption 
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by the thermophotovoltaic cell; a filter is sometimes unnecessary if the emitter is 

particularly effective.  The emitter decouples the heat source from the 

semiconductor cell enabling increased efficiencies through spectral control.  A 

filter is used to further modify the spectrum of light incident on the TPV diode.  It 

will reflect wavelengths of light of too high or too low energy to be efficiently 

converted by the diode back to the emitter in a process called photon recycling.  

The photovoltaic cells are typically p-n junction diodes which were described in 

the previous section.  Some of this work, however, explores modified p-n junction 

device structures which employ barriers to block recombination pathways.   

 

Figure 2.5: General components of a TPV system.  A heat source radiates onto 

an emitter which absorbs the energy and re-radiates it towards the TPV cell.  An 

optional filter can be used to further restrict the wavelengths reaching the TPV 

cell, which is the actual energy conversion device.  The spectral control 

provided by an emitter and filter act to improve the efficiency of the TPV cell 

itself. 
8
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 Emitter 2.2.1

The emitter, also sometimes called a radiator, serves the purpose of 

absorbing thermal energy from the heat source (via conduction, convection, or 

radiation) and then radiating it only at certain desired frequencies that the TPV 

cell can efficiently convert into electricity.  There are two general types of emitter 

technology: broad spectrum and selective emitters.  Most broad spectrum emitters 

are made out of materials such as silicon carbide and radiate over a wide area of 

wavelengths as shown by the top line in Figure 2.6. 

 

 
 

Figure 2.6: Depiction of broadband vs. selective emitter 
10

 

 

Selective emitters, however, only radiate over a small portion of the 

electromagnetic spectrum, as shown by the lower line in Figure 2.6.  This allows 

for TPV cells to be tailor-made to absorb only the wavelengths emitted by these 

emitters in order to maximize efficiency.  Selective emitters are typically made 
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from rare-earth ceramic-oxides.  The elements used include several lanthanides: 

ytterbium (Yb), erbium (Eb), holmium (Ho), and neodymium (Nd) as can be seen 

in Figure 2.7.  Emitters in traditional TPV are usually heated to 1000-2000 K.  

This range is a tradeoff in that higher temperatures generally result in higher 

efficiencies and higher cell power densities, yet also result in increased technical 

problems such as thermal degradation, oxidation, NOx generation, and increased 

cooling requirements of the cell.
11

 

 

Figure 2.7: Normalized emittance vs. wavelength for four different selective 

emitters. 
12

 

Selective emitters have been studied on the assumption that emitting narrow 

bands of wavelengths would be more efficient than a broad spectrum emission.
13

  

These selective emitters would ideally provide the right amount of energy to 

excite an electron into the conduction band and no more, thus minimizing energy 

lost to heat.  Broadband radiators, like silicon carbide, still serve an important 
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function, for when used with semiconductors capable of handling the broader 

spectrum, like III-V materials, they can potentially provide higher current 

densities, although often with a tradeoff of lower efficiencies.  Emitter research 

encompasses a significant portion of TPV research and there are many other 

emitters being studied, both selective and broad band alike.  Some of these 

include garnets (yttrium-aluminum garnet, gadolinium-gallium garnet, etc), 

spinal, zirconia, tungsten with an antireflection coating, and many others.
8,14ï16

 

Developments in the past few years have led to new possibilities for further 

development of emitter technology.  Photonic crystals and metamaterials are 

novel materials which allow for the precise control of the properties of 

electromagnetic waves making way for a possible resurgence of selective 

emitters.  These materials allow for the tailoring of their emission and absorption 

properties thus allowing for more effective engineering of emitters. 
17ï20

  An 

example of a photonic crystal emitter is shown in Figure 2.8; notice the precisely 

engineered material and the very selective absorptance.   
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Figure 2.8: (top) A SEM view of a 3D tungsten photonic crystal. Within each 

layer, the 1D rod width is 0.5 ɛm and the rod-to-rod spacing is 1.5 ɛm. (bottom) 

A computed absorption spectra for an eight-layer 3D tungsten photonic crystal 

sample. The absorptance is low for ɚ>3 ɛm (the photonic bandgap), exhibits a 

peak of ~40%  at ɚ~2.5 ɛm, and a high plateau of ~80% at ɚ~1.5ï1.9 ɛm. 
20

 

 

 Filter 2.2.2

Filters serve the purpose of spectral control in order to minimize parasitic 

photon absorption; the spectral filters reflect photons which will not contribute to 

electrical generation.  Ideally, these photons will be recycled back to the emitter.  

This spectral control is important because only a small percentage of the radiant 

energy can be converted into electricity by the TPV diodes.  Efficiency is 

increased by only allowing photons with energy greater than the bandgap to the 

TPV cell while reflecting the other wavelengths back to the emitter so they can be 

recycled.   
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Figure 2.9: The quartz spectral filter on the right shows photon rejection and 

acceptance.  If the photon has less than the desired energy, or bandgap, it is 

reflected off the quartz shield and back to the radiator.  From 
13

 

 

There are several types of filters which are of use in thermophotovoltaics.  

These include dielectric interference filters, plasma filters, and resonant array 

filters.
8,21ï23

  An interference filter is made up of multiple layers of thin dielectrics 

that have different indices of refraction.
22

  Interference is when plane waves 

interact, and depending on if they are in or out of phase, increase or decrease the 

electromagnetic field; this is the property utilized by interference filters to limit 

the band of radiation incident upon a TPV cell.
8
  Plasma filters are made out of 

conductors and semiconductors and have both real and imaginary indices of 

refraction. Plasma filters benefit from simplicity and a large reflectance.
8
  

Resonant array filters are made from a periodic distribution of small apertures in a 

highly reflective material.  The spacing of the openings is less than the 
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wavelength of the incident light.
8
  An example of this type of filter is a metallic 

mesh with a critical thickness smaller than that of the incident wavelengths.   

The performance of a filter is generally measured by its transmittance, 

reflectance, and absorbance.
8
  Transmittance is the fraction of incident light that 

passes through a sample.  Reflectance is the amount of incident light that is 

reflected, or redirected in the opposite direction.  Absorbance is the ratio of light 

absorbed by the material to the total light that falls on it.  Filters vary in 

complexity and can be as simple as a quartz reflector, as shown in Figure 2.9, or 

use more complex materials such as those in tandem filters. 

 

 

Figure 2.10: Front Surface, Tandem Filter for TPV Spectral Control. The dark 

solid line is the tandem filter and shows the total reflectance for the tandem 

components working together as opposed to the light solid and dashed lines 

representing the performance of the components functioning on their own.  

From 
24

 

 

The tandem filter investigated by Fourspring et al.
24

 incorporates an edge 

pass filter with an epitaxially grown layer.  The edge pass filter uses Sb2Se3 as the 

high index of refraction material and YF3 as the low index of refraction material.
24
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Filters pass most of the usable photons through to the diode.  These are the 

photons with energies greater than the bandgap of the TPV cell.  The filters also 

reflect the unusable photons with energies less than the bandgap.  Figure 2.10 

shows the structure of the aforementioned tandem filter; the graph shows the 

reflectance of the filter from 0 to 15 microns.  Most photons with a wavelength 

greater than about 2.5 or 3 microns are reflected.  These are the photons that do 

not have enough energy to excite an electron into the conduction band and 

therefore would only contribute to heating losses. 

 

2.3 Long Wavelength Thermophotovoltaic Cells 

 Motivation 2.3.1

Presently, TPVs can efficiently harvest electricity from heat sources as 

low as ~1000°C.  There are, however, many sources of thermal energy at 

temperatures lower than this for which current TPV sources would only be able to 

harvest a small fraction of.  To create a TPV device that can harvest lower 

temperature radiation, while still operating at room temperature would open a 

wide array of new applications.  A graphic of several heat sources and associated 

TPV technologies required for harvesting at those temperatures can be found in 

Figure 2.11. 
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Figure 2.11: Wavelengths and heat sources for potential TPV applications 

 

In order to achieve this goal of harvesting long wavelength operation, 

many techniques have been borrowed from the infrared photodetector community, 

where they encounter many of the same problems.  The main difference between 

the two fields is that they are interested in the information from the light, whereas 

we want the energy from the light.  The two main design choices made to enable 

these devices to work in the far infrared are the use of strained-layer superlattice 

and unipolar barriers. 

 Type-II Strained-layer Superlattices 2.3.2

A superlattice is a nanostructured material comprised of a periodic array 

of alternating materials, typically with layer thicknesses on the order of several 

nanometers.  First proposed by Esaki and Tsu
25

 in 1970, they are similar to 

multiple quantum well structures (MQW) except that the barriers of the quantum 

wells are thin enough that tunneling occurs, causing the wavefunctions to overlap.  

Thus the discrete energy levels broaden into miniature bands called minibands; 
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the material is called a superlattice because the minibands arise from a lattice that 

is ñsuper toò or larger than the spacing of the natural atomic lattice structure.
3
 

 

 

Figure 2.12: Energy-band diagrams of MQW and superlattice structures 

fabricated from alternating layers of materials with different bandgaps, such as 

AlGaAs and GaAs. (a) Unbiased MQW structure. (b) Biased MQW structure. 

(c) Biased superlattice structure with mini bands and minigap. 
3
 

 

 The miniband structure depends on the type of heterojunction formed by 

the two materials.  There are several different types of heterojunctions, which are 

depicted in Figure 2.13.  A type-I heterojunction is called a straddling gap and 

occurs when the bandgap of one material lies completely within the energy levels 

of the other.  There are two flavors of type-II heterojunctions.  When the valence 

band of one material falls within the bandgap energy level of the other material, 

this is called a type-II staggered heterojunction as seen in Figure 2.13b.  When the 

bandgap of one material falls completely outside the bandgap of the other so that 

there is no overlap, as seen in Figure 2.13c it is called a type-II misaligned gap, or 

a type-III broken gap heterojunction.  Literature refers to the same structure both 

ways.  When specifically describing superlattices, another nomenclature is 

sometimes used.  If the extrema of the conduction and valence bands are in the 
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same layer of the superlattice, then it is referred to as type-I.  Alternatively, if the 

extrema are in different layers the superlattice is type-II.  GaSb and InAs, two of 

the materials investigated in this work, form a type-II misaligned heterojunction.  

The superlattice formed by these materials has its conduction and valence bands 

on different physical layers, thus satisfying the type-II condition for superlattice 

nomenclature as well.  As such, we will refer to this material as a type-II  

superlattice. 

Type I (straddling) Type II (staggered)
Type II (misaligned) or 

Type III

Ec1

Ev1

Ec2

Ev2

Ec1

Ev1

Ec2

Ev2

Ec1

Ev1

Ec2

Ev2

a b c
 

Figure 2.13: Heterojunction band alignments showing type-I (straddling), type-II 

(staggered), and type-II misaligned also called type III (broken gap).  The blue 

lines represent the conduction band, labeled Ec1 for conduction band level of the 

first material in the heterojunction, and Ec2 for the second material.  The red 

lines represent the valence band energy level, labeled Ev1 and Ev2 accordingly. 

 

The InAs/GaSb superlattice system was first introduced by Sai-Halasz, 

Tsu, and Esaki in 1977
26

 and proposed for use in infrared detection in 1987 by 

Smith and Mailhout
27

.  One of the advantages of this material system is the range 

of effective bandgaps attainable; it can be tuned from approximately 3ɛm to 

30ɛm
28

, giving engineers great flexibility when designing devices.  It is largely 

due to the potential for InAs/GaSb superlattices to outperform mercury-cadmium-
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telluride (MCT) infrared photodetectors that so much progress has been made.  

The InAs/GaSb material is a strained layer superlattice (SLS).  This refers to the 

fact that InAs and GaSb are slightly lattice mismatched.  Strained-layer 

superlattices with material mismatches of up to almost 7 percent can be grown 

without the generation of misfit dislocations if the layers are kept sufficiently 

thin
29

.  Layer strains can provide another mechanism for tailoring the electronic 

properties of a superlattice.  The effect of strain can lead to changes in the 

bandgap, and for SLSôs made out of ternary materials, the bandgap and lattice 

constant can be varied independently.  Additionally, layer strain can cause a 

splitting of the k=0 valence band degeneracy as shown in Figure 2.14.
29

  This 

splitting between the heavy-hole and light-hole valence subbands contributes to 

the reduction of Auger recombination.
30

 

 

Figure 2.14: Change in valence band due to strain in a strained-layer 

superlattice
29
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Due to the particular band alignment of this superlattice, the charge carriers are 

spatially confined with the electrons constricted to the InAs layers and the holes 

to the GaSb layers.  This results in suppressed Auger recombination.
31

  The high 

electron effective mass in these superlattices helps to reduce tunneling current. 

Infrared photodetectors based on this design have demonstrated high quantum 

efficiency, high temperature operation, and are able to take advantage of mature 

III -V based growth and fabrication processes
30,32,33

.  Thermophotovoltaic devices 

using this material system are expected to perform well due to its success with 

infrared photodetectors. 

 

Figure 2.15 Schematic band structure of a broken gap type-II InAs/GaSb 

superlattice. The confinement energy of heavy holes in the GaSb layers is 

indicated by gray lines, the electron miniband in the conduction band is shown 

as gray shaded region.  EG1 is the bandgap of InAs, EG2 is the bandgap of GaSb, 

and EG3 is the effective bandgap formed from the minibands.
32

 

 



 

 

26 

 

 Unipolar Barriers 2.3.3

In photovoltaic devices, the farther into the infrared devices operate in, the 

more difficult energy conversion becomes.  This is due in part to the narrow 

bandgaps required to absorb these wavelengths which exacerbates problems 

related to thermal excitation of carriers and recombination rates, especially due to 

Schockley-Reed-Hall (SRH) recombination. Thermal excitation is a problem 

because when bandgaps are narrow, carriers are more likely to be promoted into 

the conduction band, creating larger dark currents in the device.  The barrier 

design was made to help mitigate these effects. It was first used for 

photodetectors
34

, and showed considerable success
35,36

.  We choose to use it, 

however, with photovoltaics in order to suppress recombination pathways.  We 

propose using a p-B-n structure where a barrier is placed in the depletion region 

of a p-n junction.  To be effective, the barrier should be only in one band with the 

other band having a smooth transition.  This work focused on using a valence 

band barrier with a smooth transition in the conduction band.   

The barrier layer should have the most benefit through reduction of SRH 

recombination, which take place in the depletion region of a p-n junction due to 

mid-level trap states causing generation-recombination centers
37

.  SRH 

recombination can be reduced by increasing the bandgap and decreasing the size 

of the depletion region; the barrier layer reduces the recombination due to its 

higher bandgap substituting for smaller bandgap material in the depletion region.  

This presents an engineering tradeoff, however, since the depletion region is the 
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ideal place for charge separation to occur, and as such, the best place to absorb 

carriers is within one diffusion length of it.  Since the recombination rate 

increases greatly with longer wavelength devices, it was deemed more important 

to use a barrier.   

   

2.4 Metamaterials 

 Motivation 2.4.1

The emitter stage in a TPV device is the component that gathers the energy 

from the heat source and radiates it towards the diode.  This component enables 

systems to utilize a multitude of different sources, for it can be heated via 

radiation or conduction, and then emit that energy towards the diode. 

As previously discussed, selective emitters have benefits over broadband 

emitters, such as leading to increased diode efficiencies.  Bulk material selective 

emitter research has been stagnant for the past decade; however, photonic crystals 

have showed promise towards this end as discussed in Section 2.2.1; however 

metamaterials offer another route to creating high temperature, highly selective 

emitters.  They offer a new, unique method of designing emitters with a potential 

greater degree of design flexibility both for fabrication and performance.  We 

seek to use them to create emitters more selective then photonic crystal options, 

and to more closely match the bandgap and quantum efficiency of the TPV 

devices in question.  
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 What are Metamaterials? 2.4.2

Metamaterials are any material that has artificially engineered optical 

properties, specifically permeability and permittivity.  Metamaterials were first 

theorized in the late 1960s by Russian scientist Victor Veselago.
38

  He envisioned 

a material with which light would behave in counterintuitive ways; these 

materials would have a negative index of refraction, which he referred to as ñleft 

handedò materials.  Although Veselago theorized these materials, he never 

discovered one, as they have not been found to occur naturally; however, once 

researchers realized that the materials didnôt have to be formed by nature, but 

could be engineered, negative index of refraction materials were finally created by 

Smith et al. in 1998
39

 and since have garnered an explosion of interest. 

All materials can be described by their permeability and permittivity as 

depicted in Figure 2.16.  The focus of most metamaterials is on the third quadrant, 

where both epsilon and mu are negative.   
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Figure 2.16: Electric permittivity (Ů) and magnetic permeability (ɛ) parameter 

space for materials.
40

 

 

When this occurs, light interacts quite differently than with traditional materials.  

Several examples which Veselago highlighted are a reversal of the Doppler effect, 

Cherenkov radiation, and refraction.  Some of these effects are demonstrated in 

Figure 2.17 and Figure 2.18. 
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Figure 2.17: ña) Doppler effect in a right-handed substance; b) Doppler effect in 

a left-handed substance. The letter A represents the source of the radiation, the 

letter B the receiver.ò
38
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Due to the fact that the wave vector, k, and phase velocity point in the same 

direction as can be seen in Figure 2.17, it is clear that left-handed materials have a 

negative group velocity; it follows that the phase velocity is opposite to the 

energy flux.  

1 2

3 4

 

Figure 2.18: Passage of a ray through the boundary between two media. 1- 

incident ray; 2 - reflected ray; 3 - refracted ray if the second medium is left- 

handed; 4 - refracted ray if the second medium is right-handed.
38

 

The reversal of the property of refraction can be seen in Figure 2.18, 

which shows that both left-handed and right-handed media reflect light the same, 

however light refracted from left-handed media, line 3, is on the opposite side of 

the vertical axis when compared to line 4, which is the direction that light is 

refracted in a right-handed material.  This predicates the need to rewrite Snellôs 

Law from that of Equation 2.4 to that of Equation 2.5, where ὴ and ὴ are the 

rightnesses of the first and second media
38

. 
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These effects come straight from Maxwellôs equations which wonôt be 

described in detail here, however some relevant equations and terms will be 

defined.  The following explanation is largely adapted from a very thorough 

review paper by Liu and Zhang.
40

 

The dielectric constant, which is also celled electric permittivity, Ů, and 

magnetic permeability, ɛ, are fundamental characteristics which describe how 

electromagnetic waves propagate in matter.  The refractive index can be 

determined by Equation 2.6. 

 ὲ ‐z ʈ Equation 2.6 

 

The frequency dependent permittivity and permeability can be determined from 

Equation 2.7 and Equation 2.8 respectively
40

. 
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ɤp is the plasma frequency, ɤ0 is the resonant frequency and ɔ is the damping 

factor related to material losses.  The subscripts e and m represent electric and 
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magnetic response.  Using metamaterials, the effective relative permittivity (Ůr,eff) 

and permeability (ɛr,eff) can be controlled using engineered structures.  It is called 

effective because it does not correspond to the physical material itself, but the 

effective material that arises from the collective response of whatever materials 

and patterns that comprise the metamaterial.   

Two examples will be given of MM structures, the first is a 3D lattice of 

thin metallic wires, and the second is a split ring resonator structure as depicted in 

Figure 2.19.  The former is preferred for manipulating permittivity, whereas the 

latter is preferred for manipulating permeability. 

 

Figure 2.19: Two structures used to control electric and magnetic responses. (a) 

Schematic of periodic wires arranged in a cubic lattice. (b) Effective permittivity 

of wire media, which acts as a dilute metal with an extremely low plasma 

frequency. (c) Schematic of split ring resonators, a magnetic field penetrating 

the resonator induces a current j, and thus magnetic moment m.  (d) Effective 

permeability of SRR around the resonant frequency. 
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The periodic wire geometry produces an apparent reduced effective electron 

density, and increased effective electron mass, however the effective relative 

permittivity still obeys the Drude-Lorentz model as in
40

: 

 
‐ ‫ ρ

‫ȟ

‫‫ Ὥ‎
 

Equation 2.9 

 

The effective plasma frequency is given by: 
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Equation 2.10 

 

and the damping factor is given by:  

 
‎
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Equation 2.11 

 

ů is the conductivity of the metal, d is the lattice constant of the wire structure, 

and r is the radius of the wires. 

 Split ring resonators utilize Faradayôs law to affect the magnetic response.  

Magnetic fields can be manipulated by generating a current from passing a time 

varying magnetic field, such as an EM wave through a conducting coil
40

.  This 

effect is normally weak; however by introducing resonance, such as in the case of 

SRRs, the response can be enhanced.  SRRs can be considered to be an LC circuit 

with a natural resonant frequency given by ‫ ρὒὅϳ  where L is the 
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inductance and C is the capacitance of the circuit.  The effective relative magnetic 

permeability of a split ring resonator array is given by  

 
‘ȟ ‫ ρ

Ὂ‫

‫ ‫ Ὥɜ‫
 

Equation 2.12 

 

where F is the filling ratio of the SRR, 
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Equation 2.13 

 

‫  is the resonant frequency, 
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Equation 2.14 

 

and ũ is the damping term, 
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 Equation 2.15 

 

Due to the complexity of MM structures, numerical simulations are often used to 

determine the transmission and reflection properties through methods such as the 

Finite-Difference Time-Domain and the Finite Element Method.  The refractive 

index and impedance are related to the transmission coefficient, t, and reflection 

coefficient, r, by  
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Equation 2.16 
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and  
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Here, Ὧ is the wave vector in vacuum defined as Ὧ ς“‗ϳ , L is the thickness 

of the MM, and m is an integer. 

 These are just several examples of possible designs to create 

metamaterials whose unique properties and long list of potential applications such 

as perfect absorber/emitters (which are investigated in this work), superlenses, 

filters, etc. currently make them a very active area of research.  The metamaterials 

created in this work are not left-handed metamaterials as envisioned by Veselago, 

however they are engineered materials that interact with light in unique ways.  

Photonic crystals, which are another type of metamaterial, will be discussed in the 

following section. 

 

2.5 Photonic Crystals 

 Motivation 2.5.1

The filter stage in TPV devices is used as spectral control over the incident 

spectrum from the heat source.  Ideally it will reflect wavelengths that are too low 

in energy which would either just pass through the diode or generate parasitic heat 
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within it.  It would also reflect energies which are of too high an energy and 

would cause cell heating through thermalization.  By using 2D photonic crystals, 

this work seeks to create bandpass filters as close to ideal as possible for use with 

TPV devices. 

 What are Photonic Crystals? 2.5.2

A photonic crystal (PhC) is a periodic nanostructure array that affects 

electromagnetic waves in unique ways.  It is a subsection of the broader definition 

of metamaterials, however is often treated separately.  Photonic crystals are made 

with periodically alternating dielectric structures that form a photonic bandgap, 

and as such are also called photonic bandgap materials.  The photonic bandgap 

forbids propagation of a certain frequency of light, just as an electronic bandgap 

in semiconductors forbids carriers from having a certain energy level.  Using this 

property, one can control light in unique ways, as can be seen in the results 

section of this thesis. 

This section seeks to give the reader enough information to understand the 

concepts, however a thorough derivation can be found in the book by 

Joannopoulous et al.
41

.  PhCs come in three types: one-, two-, or three-

dimensional as seen in Figure 2.20, and each signifies the number of directions, or 

axes, the structure is periodic along.   
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Figure 2.20: Representations of 1, 2, and 3-dimensional photonic crystals.  The 

different colors represent materials with different dielectric constant
41

. 

These periodic arrangements result in photonic bandgaps as depicted in Figure 

2.21.   

 

Figure 2.21: Photonic band structures for light propagating in the direction of 

the periodicity for three multilayer films.  In each case the laywer widths are 

0.5a.  Left: each layer has the same dielectric constant Ů = 13 Middle:  layers 

alternate between an Ů of 12 and 13 Right:  layers alternate between an Ů of 1 

and 13
41

. 
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To determine these photonic bandgap (PBG) diagrams, a brief explanation will be 

given according to Joannopoulos et al.
41,42

  One can start with Maxwellôs 

equations which can be written in the form: 
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where (Ἲ is the magnetic field of the photon, w is its frequency, c is the speed of light, 

and ‐► is the macroscopic dielectric function.  The equation could be written in terms 

of the electric field as well; however for mathematical convenience the magnetic field 

equation is typically used.  The solutions (Ἲ and w are determined by the strength and 

symmetric properties of the dielectric function.  Assuming periodicity in ‐►,  then the 

solutions are characterized by a wavevector k, and a band index, n.  The Brillouin zone is 

the region of all allowed wavevectors, and the band structure is the collection of all 

solutions.  A 2D photonic crystal will be explained presently, as it has the most relevance 

to this thesis.  When designing structures, the most important parameters besides material 

choices are the lattice parameters such as lattice spacing a and rod radius r as seen in 

Figure 2.22.  This is a square lattice of dielectric columns treated to be infinitely long.  

Depending on the lattice spacing, the structure can have a photonic bandgap in the xy 

plane.   
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Figure 2.22: A square lattice of dielectric rods with spacing a and radius r, with 

unit cell outlined in red.  The material is periodic along the x and y directions 

and assumed to be infinite in z. 
41

 

 

Due to the translational symmetry of the structure in the xy plane, Ů(r)=Ů(r  + R) 

where R is linear combination of the lattice vectors aὀ and aὁ.  Using Blochôs 

theorem, we can focus on only k || in the Brillouin zone. As such, modes of the 

crystal in Figure 2.22 can be indexed using the form of Bloch states in Equation 

2.19. 

 ἒ ȟ ȟ▓᷆ Ἲ Ὡ▓᷆ẗὩ Õ ȟ ȟ▓᷆ ⱬ Equation 2.19 

 

Where ⱬ is the projection of r  in the xy plane, and u(ⱬ) = u(ⱬ + R) is a periodic 

function for all lattice vectors R.  Since the structure is periodic in only two 

dimensions, kz is unrestricted, however k || is restricted to the Brillouin zone.  The 

mirror symmetry in the structure allows for the separation of the modes into two 

polarizations, transverse-electric (TE) which have H normal to the plane ἒ
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Ὄⱬ◑, and E in the plane, Ἇⱬẗ◑ π.  Transverse-magnetic (TM) modes are 

the reverse: ἒⱬẗ◑ π, and Ἇ Ὁⱬ◑.41
 An example band structure which 

could results from a design like this is shown in Figure 2.23. 

 

Figure 2.23: Photonic band structure for a square array of dielectric columns 

with r = 0.2a.  Blue lines represent TM modes, and red lines represent TE 

modes.  Left inset shoes the Brillouin zone, with the irreducible zone shaded 

light blue.  The right inset is a cross-sectional view of the dielectric function.
41

 

 

In this case there is a photonic bandgap for the TM mode, but not the TE mode.  

For a different structure, such as one seen in Figure 2.24, there can be photonic 

bandgap in both polarizations, as seen in Figure 2.25. 
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Figure 2.24: A 2D photonic crystal with air columns in a dielectric substrate.  

This structure has a triangular lattice, with the unit cell framed in red.
41

 

 

 

Figure 2.25: Photonic band structure for the structure such as that shown in 

Figure 2.24.  The blue lines represent TM bands and red represent TE bands.  

The left inset shows the high-symmetry points at the corners of the irreducible 

Brillouin zone (light blue), and the right inset shows the triangular lattice.
41

 

 

A quick rule-of-thumb is that TM bandgaps are favored in a lattice of isolated 

high-Ů regions, and TE bandgaps are favored in a connected lattice
41

.  There are 
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many more structures and propagation modes that could be discussed, however 

that is beyond the scope of this brief introduction to the topic. 

 By utilizing the ñleaky modeò or resonance of a PhC, it can also be used to 

confine light of a certain wavelength within a cavity.  Light can propagate along 

the direction of the columns in a 2D PhC, but canôt escape out the sides due to a 

designed bandgap.  Since the columns are not infinite, contrary to the simplicity 

assumptions above, they can be considered to be a cavity.  The resonant 

frequency of light has a Bloch wave vector equal to zero, thus forming a standing 

wave, which will slowly leak into the surrounding medium.
41

  This is especially 

useful for photovoltaic devices as it creates an increased interaction time between 

light of the wavelength of interest and the semiconductor which it is evanescently 

leaking into.  The PhC also acts as a filter, since it is only trapping light of a 

certain, engineer-able wavelength.  This helps as a form of spectral control to pass 

through only the wavelengths the diode can convert to electricity. 

  

 

2.6 Interfacial Misfit Arrays 

 Motivation 2.6.1

One of the limiting factors in the design of semiconductor devices is the 

atomic spacing of different materials.  This parameter is called the lattice 

constant, which denotes the distance between unit cells in a crystal lattice.  For 

two crystalline materials to be used together they must have similar lattice 
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constants.  If the two materials differ even slightly they are called lattice 

mismatched; growth of lattice mismatched materials often leads to dislocations 

due to a buildup of strain at the heterojunction interface.  Dislocations severely 

degrade device performance through mechanisms such as electrical shorting 

between different layers, an example of which can be found in Figure 2.26.  In 

further detail, problems introduced by lattice mismatch (LMM) can include high 

defect densities, such as dislocations and stacking faults, rough surface 

morphologies, epiwafer bowing, and epilayer cracking.
43

 

 

 

Figure 2.26: Threading dislocations propagating through multiple layers. 

Courtesy of T. Vandervelde 

Oftentimes semiconductor designers want to use lattice mismatched materials 

to enable different electrical or optical properties in a device.  In this project we 

seek to lower the cost of epitaxially grown TPV cells through the use of alternate 

substrate choices.  A gallium arsenide (GaAs) wafer can be purchased for ~$50-

$100, whereas the current substrate of choice, gallium antimonide (GaSb), is 

~$400-$600; the use of GaAs could save on substrate costs by a factor of 5 to 10. 
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  Fortunately, there are a number of methods to mitigate the problems with 

using LMM materials such as grading and buffer layers.
43ï46

  This work, however, 

uses interfacial misfit (IMF) arrays to relieve the strain caused by lattice 

mismatched materials, and explores their effect on TPV device performance. 

 What is an interfacial misfit array? 2.6.2

An interfacial misfit array is a strain mitigation technique used to enable 

epitaxial growth of highly lattice mismatched materials
47ï50

.  An IMF array is an 

intentional, highly periodic arrangement of 90° edge dislocations at a 

heterojunction interface.  It is accomplished by engineering the interface between 

the two materials through careful crystal growth conditions to have a ratio of 

atoms equal to the least common multiple of their lattice constants.  In this work, 

the interface consisted of GaSb grown on top of a GaAs substrate.  Thus for GaSb 

and GaAs, with lattice constants of 6.09593Å and 5.65325Å respectively, a ratio 

of 13:14 will yield an approximately equal linear distance of 79.15 Å 14 (13× 

(lattice constant of GaSb (110)) = 14 × (lattice constant of GaAs(110)).  To create 

the IMF array, the 2-D packed Sb atoms skip every 14th Ga atom on the GaAs 

surface thus establishing the 13:14 ratio as shown in Figure 2.27. 
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Figure 2.27: Graphic of the alignment of atoms at a GaSb/GaAs IMF array 

interface 

 

 An as-grown IMF array can be seen in Figure 2.28.  This cross sectional 

TEM image shows the 2D array of edge dislocations, the lack of threading 

dislocations, and high quality GaSb grown on GaAs.  The right side image, 

however, does not contain an IMF array and the poor interface quality can be seen 

with threading dislocations propagating up through the GaSb layer. 

 

 

Figure 2.28: TEM images of GaSb grown on GaAs substrate Left:  with an IMF 

array, Right:  without an IMF array. 

 Lattice Mismatch and Strain 2.6.3
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Lattice matching is one of the determining factors in choosing materials 

for devices, for as the mismatch increases, the strain increases and it becomes 

more and more difficult to create the device.  Thus the specifications of the device 

are dependent on the amount of lattice mismatch and the materials able to be 

used.  Much work has gone into developing new compounds with different lattice 

constants, such as ternary and quaternary semiconductor alloys
51,52

, and also into 

techniques to grow materials under increased mismatch, such as grading layers or 

interfacial misfit arrays discussed above.  The elastic strain in the epitaxial layer 

per unit interfacial area can be expressed according to continuum elastic theory in 

Equation 2.20 where Ὤ is the epi-layer thickness, G is the epi-layer shear 

modulus, ‐ is the epi-layer strain and ’ is the Poisson ratio of the epi-layer.
53

   

 
 Ὁ ςὋ‐ ρ ’ὬȾ ρ ’ Equation 2.20 

 

The epi-layer strain can be found by using the lattice parameters of the two 

materials as shown in Equation 2.21: 

 
 ‐

ὥ ὥ

ὥ
 Equation 2.21 

 

 

where ὥ is the lattice constant of the epi-layer, and ὥ is the lattice constant of 

the substrate.
53

   Strain caused by lattice mismatch can lead to several different 

kinds of growth defects which are detailed in Figure 2.29. 
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Figure 2.29: "Schematic illustration of mechanism for accommodation of lattice 

mismatch strain: (a) elastic distortion of epitaxial layer; (b) roughing of epitaxial 

layer; (c) interdiffusion; (d) plastic relaxation via misfit dislocationsò
53

. 

 

For the case of GaSb and GaAs the strain and therefore lattice mismatch is found 

in Equation 2.22. 

 
‐
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ὥ
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χȢψτϷ Equation 2.22 

 

 

 In this chapter, a significant amount of background information was given 

so that the reader has a basis of knowledge with which to understand the results 

presented later in this dissertation.  Basic semiconductor theory and TPV 

technology was discussed as well as each of the specific areas investigated in this 

work.  A motivation and explanation was given for long wavelength TPV, 

metamaterials, photonics crystals and interfacial misfit arrays.  The next chapter 

will focus on the methods and materials used to design, simulate, create and 

evaluate the devices presented here. 
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Chapter 3 : Materials and Methods 

A number of techniques, instruments, processes, and metrics were used 

throughout the entirety of this research for the design, fabrication, and testing of 

thermophotovoltaic cells.  These materials and methods will be detailed so that 

the processes involved in the research can be understood.  This section will be 

discussed loosely in the order that one would encounter during the development 

of a device: fabrication or crystal growth, device preparation, and testing. 

 

3.1 Crystal Growth and Molecular Beam Epitaxy 

Epitaxial growth is the process of depositing monocrystalline material on a 

substrate.  Epitaxy literally means ñto arrange uponò coming from the Greek epi, 

meaning ñonò and taxis meaning ñarrangementò.  There are two general types of 

epitaxy: homoepitaxy and heteroepitaxy.  The former is the process of depositing 

the same material as the substrate and is also referred to as epitaxy or just epi, 

while the latter, heteroepitaxy, is the process of depositing a material which 

differs from the substrate.
54

  The most common deposition techniques of epitaxial 

growth include vapor phase epitaxy (VPE), which is a form of chemical vapor 

deposition (CVD); liquid phase epitaxy (LPE), which grows crystals using a melt 

on a solid substrate; and molecular beam epitaxy (MBE), which is an ultra-high 

vacuum evaporation process.  This section will describe each, yet focus on MBE 
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growth, which is the method used to grow the structures investigated in this 

project. 

Epitaxial CVD deposition is performed by introducing gases into the 

chamber which contain the desired film material, such as silane (SiH4) for silicon 

and germane (GeH4) for germanium, as can be seen in Figure 3.1
55

.  These vapors 

then react with the heated surface to produce layers of new material.  The most 

common epitaxial CVD method is metal-organic chemical vapor deposition 

(MOCVD, also called metal organic vapor phase epitaxy MOVPE).  This 

difference between conventional CVD and MOCVD echoes the difference 

between thin film growth in general and epitaxial growth.  In epitaxial growth, the 

deposition is single crystal, and the crystal structure and orientation of the 

deposited material matches that of the substrate.  The difference between 

MOCVD and MBE growth kinetics, illustrated in Figure 3.1, is that the former is 

a chemical process where gas molecules of the desired deposition material are 

introduced into the chamber, while the latter is a physical deposition process 

where atoms are evaporated toward the target in a relatively confined beam.  

Invented by Nelson in 1963, liquid phase epitaxy is performed by dissolving the 

desired material in the melt of another metal, depositing it on the substrate, and 

varying the conditions to near equilibrium.
56

  LPE offers a relatively inexpensive 

setup with a high efficiency of grown epitaxial material.
56
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Figure 3.1: Diagram of CVD and MBE epitaxial deposition.  In CVD gas 

molecules containing the desired atoms are introduced, while in MBE atomic 

beams of the desired atoms are evaporated onto the surface.
55

 

 

Molecular beam epitaxy is one of the foremost choices for detailed crystal 

growth, for although the growth rates are slower than other epitaxial techniques, it 

has the capability of growing near perfect layers with atomic resolution.  MBE is 

most commonly performed by evaporating solid sources under ultra-high vacuum.  

MBE systems operate with a typical base pressure of 10
-10

 Torr.  In situ sample 

heating and cleaning are necessary as well as independently controlled sources for 

all materials and dopants.  Many systems also include in situ analysis such as 

electron diffraction and Auger spectroscopy.  There is often a separate chamber 

connected through UHV load locks in order to evaporate different metallizations 

without breaking vacuum.
57

 

The fundamental processes for MBE and epitaxy are: (a) arrival of atoms 

on the deposition surface, (b) diffusion of those atoms on the surface, (c) 

formation of islands from atoms nucleating, (d) growth of the islands through 
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atom attachment, (e) shrinkage of the islands through atom detachment, (f) 

deposition of atoms on an island, (g) attachment of atoms to steps, and (h) 

desorption of atoms from the surface (shown in Figure 3.2)
55

.   

 

 

 

Figure 3.2: Diagram of the different processes involved in epitaxial growth.
55

 

 

To achieve such precise growth control, the MBE setup is complex, especially for 

compound films of III-V materials.  A brief overview will be given, but a more 

detailed explanation of MBE systems and setups can be found in 
58ï60

.  There are 

generally several stainless steel chambers which have multiple titanium 

sublimation, cryo-, and ion-pumps, as well as other types of pumps to achieve 

high vacuum in load-locked chambers.  Cryogenic screening is used in the form 

of liquid nitrogen cooled panels which serve to minimize contamination from 
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sources such as the walls of the chamber, which are at room temperature, or other 

heated elements of the system, such as the material sources or substrate holder.  

To create high quality films, an in-vacuo interconnected system is necessary to 

manipulate the substrate into and around the system without breaking the 

ultrahigh vacuum.  This load locking system is essential for continuous operation 

because if the deposition chamber is exposed to atmosphere, it will have to be 

baked out for approximately 10 to 14 days to get the pressure down to around 10
-

10
 or 10

-11
 Torr. 

61
  Sources are needed to provide the deposition material as well 

as shutters to control their deposition and analysis tools are used to examine the 

growth as it is happening.  A diagram of a commercial MBE system is shown in 

Figure 3.3. 
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Figure 3.3: ñCommercial MBE system manufactured by Instruments SA, Riber 

Division.  The system is intended to perform epitaxial growth simultaneously on 

multiple wafers via evaporation of elemental sources in ultra-high vacuum.  

Some of the major parts of the system are labeled: (A) a UHV growth chamber, 

(B) a shutter for an evaporation source, (C) an evaporation source, (D) a rotating 

platen station for mounting multiple wafers, (E) a preparation station for wafer 

degassing, (F) a shuttle mechanism for transporting wafer platens, (G) a load-

locking chamber for transferring platens between atmospheric pressure and 

UHV, (H) rack-and-pinion mechanisms for transfer of platens, (I) cryopumps for 

maintaining UHV, (J) an ion pump, also for maintaining UHV, (K) a 

sublimation well, (L) another cryopump, and (M) a rectangular gate valveò.  

From 
62

 

 

A MBE systemôs material sources have become relatively standardized.  

Most sources for MBE systems are Knudsen effusion cells (K-cells).  These are 

solid sources where the material is stored in an inner crucible, typically made of 

graphite or pyrolytic boron nitride.  The material is heated until it begins to 

sublimate, which forms a beam as it travels out of the orifice of the cell where the 

source material is then incident upon the substrate when the shutter is open.  The 
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beam intensity is controlled by the cell temperature and for molecular flow 

scenarios is:  

 ὐ ὥὴ “Ὠϳ ς“άὯὝϳ ÃÏÓ— Equation 3.1 

 

where ὐ is the flux per unit area, Ὠ is the distance from the source, ὥ is the orifice 

area of the source, ά  is the mass of the atoms or molecules,  ὴ is the equilibrium 

vapor pressure, Ὕ is the temperature in Kelvin, and — is the angle between the 

beam and the substrate surface normal.
58

  In addition to effusion cells there are 

cracker cells.  These are used for the deposition of group-V elements and also for 

tellurium.  Cracker sources contain two distinct temperature controlled heater 

zones with the first acting as a reservoir which controls the evaporation of the 

group-V material.  The evaporated material is then transferred to the second 

heater zone which consists of a baffled region where it goes through a series of 

collisions at elevated temperature. 

 

 

 
 

Figure 3.4: Left: ñCutaway illustration of the standard effusion cell used in the 

V80H MBE systemò (VG Semicon) Right: ñA boron nitride crucible surrounded 

by its foil heater, which are parts of the standard effusion cell of the V80H MBE 

system.ò (VG Semicon)
59
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A major advantage to molecular beam epitaxy is the ability to perform in 

situ monitoring of crystal growth.  There are many conditions which have to be 

met in order to grow high quality samples including but not limited to: lattice 

perfection, dopant levels, background impurity levels, defect density, and 

interface sharpness.  Some of the analysis techniques which can be used to 

determine these characteristics during growth include Auger electron 

spectroscopy (AES), electron spectroscopy for chemical analysis (ESCA), 

reflection high-energy electron diffraction (RHEED), mass spectrometry, as well 

as several optical measurements 
63

.  RHEED in particular is used to determine 

sample thickness in atomic monolayers by viewing the number of oscillations in 

the diffraction patterns 
64,65

. 

 
 

Figure 3.5: Left: "Intensity oscillations of the specular beam in the RHEED 

pattern from a GaAs (001) 2x4 reconstructed surface [110] azimuth.  The period 

exactly corresponds to the growth rate of a single Ga + As layer, and the 

amplitude gradually decreases.  Note that the marked inflections at the 
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beginning and end of the growth result from ambient light change as the shutters 

are opened and closed (from Neave et al 1983b)ò Right: ñReal space 

representation of the formation of a single compete layer in relation to RHEED 

intensity oscillations (from Neave et al 1983b).  ɗ is the fractional layer 

coverage.ò From 
58

 

 

In a general sense, there are three most commonly observed growth 

regimes in epitaxial growth which are depicted in Figure 3.6.  These growth 

modes are Frank-van der Merwe growth, or layer-by-layer growth, which consist 

of smooth layers grown on top of each other, Stranski-Krastanov growth, or layer 

plus island growth, which starts with a smooth layer but builds small islands on 

the order of one or two monolayers tall, and Volmer-Weber growth, or island 

growth, which takes place when the deposited material immediately starts to form 

islands in excess of two monolayers in height.  For homoepitaxy, these different 

growth modes are largely determined by deposition parameters such as substrate 

temperature and deposition rate.  Layer-by-layer growth produces the smoothest 

surfaces as adatoms have enough time and surface energy to migrate across the 

surface and attach to a step edge.  This requires a high substrate temperature 

(~970°C) and low deposition rate (~1ML/min for Si on Si(001)) 
66

.  When the 

substrate temperature is lowered or the deposition rate increased, the adatom has 

less surface energy and thus is more likely to attach to a nearby island instead of 

the distant layer edge.   Under high deposition rates or low temperatures adatoms 

have even less time and surface energy to migrate to a preferential site and thus 

clump into islands before being buried by even more adatoms.  For 

heteroepitaxial growth, additional factors have to be included, such as the 
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cohesion and adhesion of the material.  If the deposited atoms bind to each other 

more strongly than to the substrate, then they are more likely to form islands.  The 

opposite is also true, if the atoms are more likely to stick to the substrate than to 

each other, layer by layer growth is more likely to occur.  This becomes an 

important consideration for lattice matching of deposition materials and 

substrates.  When epitaxial layers have a similar lattice constant they will exhibit 

Frank-van der Merwe growth
67

, whereas when the lattice constants of the 

materials differ, Volmer-Webber growth will dominate 
68

 with Stranski-Krastinov 

growth falling in the middle of these two when there is only a slight mismatch and 

the strain energy builds up to and exceeds a critical point 
69

.  

 

 

ɸ<1 ML

1<ɸ<2 ML

ɸ>2 ML

(a) (b) (c)
 

 
Figure 3.6: ñSchematic representation of the three crystal growth modes: (a) 

island or Volmer-Weber, (b) layer plus island or Stranski-Krastanov, (c) layer or 

Frank-van der Merwe mode.  Ū represents the coverage in monolayers.ò After 
70

 

 

Molecular beam epitaxy is used to create a number of different 

nanostructures with a variety of different materials.    The material capability of 
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MBE varies widely between systems, but includes III-V
58

, IV-VI
71

, II-VI
72

, 

binary, ternary, and quaternary semiconductor compounds as well as numerous 

metal oxides
73

.  Several structures commonly made with MBEs include quantum 

wells, quantum dots, superlattices, and digital alloys.   

The ability of MBE to control crystal growth so finely with so many 

different materials gives growers and engineers the ability to tune devices to 

desired operating parameters; for instance, different wavelengths of light for 

different lasers.  A table of different MBE grown laser diode materials and their 

wavelengths can be found in Pessaôs work 
74

.  State of the art photodetectors, such 

as the quantum dots in a well (DWELL) infrared photodetectors being made by 

the Center for High Technology Materials at the University of New Mexico, are 

fabricated using MBE.
75

  The use of MBE for photovoltaics and 

thermophotovoltaics for applications such as solar cells allows for ultra-pure 

devices to be made using many different materials, which increase the efficiency 

of such devices and also allows for more optimal pairing of materials.  An 

example of this can be found in Yazawaôs work with Hitachi.
76

   

The greatest drawback of MBE is its cost due both to an inability to grow 

large number of samples simultaneously as well as its slow deposition rate.  These 

drawbacks make it difficult to mass produce devices grown via MBE, yet that has 

not been a limiting factor as the quality of devices grown by MBE can be found 

nowhere else.  There are also many structures that cannot be grown by other 
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methods and must be grown by MBE.  As such, MBE will continue to be a 

dominant method of epitaxial growth for years to come. 

 

3.2 Device Preparation  

 

 In order to create a working photovoltaic device, the sample must be 

prepared for use or testing.  To prepare a sample for testing, ohmic contacts must 

be deposited so that a circuit can be made.  To create contacts, standard 

photolithographic and deposition tools and procedures are used.   

 

 Ohmic contacts 3.2.1

  A contact is a junction at the interface between a metal and a 

semiconductor and is used to connect a device to a circuit so that electrons can 

flow into or out of the device.  There are two types of contacts, ohmic contacts 

and Schottky contacts.  A Schottky contact creates a potential barrier that carriers 

must overcome to leave the cell, which is counterproductive in the case of 

photovoltaics.  An ohmic contact, however, creates a low resistance junction that 

keeps the I-V curve linear as shown in Figure 3.7 and is the goal for device 

preparation.  An ohmic contact ensures that the voltage drop across the junction is 

negligible compared to that of the metal or semiconductor which it bridges.
77
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Figure 3.7: Current-voltage characteristics of ohmic contacts on GaSb.  

 

 Photolithography 3.2.2

 Photolithography is the process of using light to create a pattern on 

photoresist, which can then be used for selective deposition to create patterns such 

as contacts onto a device.  Although lithography is a complex field in itself, there 

are several basic steps that are used which will give the reader a general overview 

of the process.  

Cleaning and Preparation: The sample must be cleaned to remove any 

native oxide or surface contamination.  Although this procedure varies according 

to the materials used, a general solvent cleaning procedure consists of a several 

minute sonication or bath in acetone followed by an acetone rinse, isopropanol 

(IPA) rinse, and a de-ionized (DI) water rinse.  The sample is then dried with 

compressed dry air and potentially baked on a hotplate to remove any excess 

water.   
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A piranha clean modified for GaAs samples consists of a 1:18:500 mixture 

of H2SO4 (sulfuric acid) to H2O2 (hydrogen peroxide) to DI water for 30 sec. 

followed by a 5 min. DI water bath, then a 2 min. bath of 1:1 DI water to HCl 

(hydrochloric acid), and finally a 5 min. DI water bath dried with a nitrogen gun 

and followed by a 5 min. bake at 115° F. 

 

Figure 3.8: Wafer Cleaning and Preparation takes place in a chemistry fume 

hood such as this one at the Tufts Micro and Nano Fabrication Facility (TMNF) 

at 200 Boston Ave. at Tufts University. 

 

Photoresist:  Photoresist is spun onto the sample using a spin coater (Figure 3.9).  

This is generally a 5 step process which varies according to the type of photoresist 

or primer used, sample material, and desired thickness.  The first step is a ramp up 

to a slow speed; the second is maintaining that speed for several seconds, 

followed by a ramp up to high speed, maintaining high speed, and finally a ramp 

down.  The speed and time at each step can be adjusted according to desired 

results.  A pre-exposure bake on a hotplate is then performed although the length 

and temperature varies according to the type of resist used.  For photolithography 
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with silicon, the adhesion promoter HMDS (hexamethyldisilazane) is often used 

to promote the adhesion of the photoresist onto the wafer.   

 

Figure 3.9: Reynolds Tech photoresist spinning hood with Headway Research 

spin coaters/controllers at the Center for Nanoscale Systems at Harvard 

University. 
78

 

 

Mask, exposure, and development:  A photomask, shown in Figure 3.10, is 

designed beforehand using a software tool such as Cadence or Layout Editor.  The 

data file is then transferred to the mask, typically by an outside vendor.  It is 

typically created using an electron beam on a glass plate with a chrome absorber, 

although cheaper, less precise methods are available.  A mask aligner, shown in 

Figure 3.10, aligns the mask with the sample, as well as exposes the photoresist 

covered sample to UV light.  Mask aligners typically use a mercury lamp as its 

light source, whose intensity peaks include the i-line at 365nm, and h-line at 
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405nm.  The intensity of these peaks are used to determine the exposure dose for 

different resists.  There are two alignment microscopes and an x, y, and ɗ 

movement stage which allow for alignment accuracies of about 1-2 microns.  The 

chrome on the mask is used to block light in certain predefined patterns.  When 

using a positive photoresist, this allows exposed areas to become soluble in the 

developer, while a negative photoresist will turn exposed areas insoluble in the 

developing agent.  After exposure, the sample is placed in developer which 

removes the unwanted areas of photoresist.  Thus a pattern has been formed in 

photoresist on the sample which can then be transferred onto the sample whether 

it be via etching into the sample, or depositing a material on top of it.  

 

 

Figure 3.10:  Left:  Karl Suss MJB4 mask aligner at the Center for Nanoscale 

Systems at Harvard University. 
78

 Right:  Typical photomask made by REAP 

Labs 
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 Electron Beam Lithography (EBL) 3.2.3

Electron beam lithography is similar to photolithography in that it is used to 

create patterns for transfer onto a device, however the major difference is that it 

uses electrons to write the pattern instead of photons.  Using this method, even 

smaller structures can be created in a resist and transferred to the substrate 

material via etching or deposition.  It can beat the diffraction limit of light and 

make features down to the nanometer range.  Another difference from 

photolithography is that EBL does not use a mask.  The pattern created by the 

electron beam is programmed into CAD (computer aided design) software on a 

computer.  The major limitation of EBL, however, is throughput.  The pattern is 

written in a raster scan, and as such is created line by line, instead of all at once as 

in photolithography.  Due to this, write times are extremely slow, often taking 

many hours (or even several days) for a single pattern.  This can cause problems 

for larger patterns; due to the length of time writing takes, beam drift or instability 

can happen, rendering parts of the pattern incorrect. 

Instead of photoresist, which is a photo-sensitive polymer, e-beam resist is 

typically a thermoplastic such as polymethyl methacrylate (PMMA).  PMMA is 

spin coated just as with photoresist, and upon exposure to the e-beam is de-

crosslinked, experiencing chain scission.  Thus where the resist is exposed, it can 

be developed and removed, making PMMA a positive resist. 

To write the pattern, it is first created in CAD software on a computer.  The 

sample is placed inside a scanning electron microscope, which will be described 
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in Section 3.3.2.  The system is pumped down to high vacuum, the write field is 

aligned, an appropriate location for the pattern is chosen, exposure parameters set, 

and then the pattern is written by scanning and correspondingly blanking the 

electron beam across the surface of the PMMA.  The exposure dose is just as 

important in EBL as with photolithography, and is a measure of the length of time 

the electron beam dwells on a certain location.  Exposure dose will change based 

on resist thickness and feature sizes.  After patterning, the sample is developed. 

The PMMA-C series used in this work is devolved in a ratio of 3:1 methyl 

isobutyl ketone (MIBK) : IPA for 1 minute, immediately followed by an IPA bath 

for 30s, and nitrogen gas dry.  The MIBK breaks apart the PMMA damaged and 

de-crosslinked by the e-beam.  The IPA then dissolved and washes away the 

damaged polymer.  The sample is then ready for further processing, such as metal 

deposition.  The resist is readily dissolved in acetone, for applications such as 

liftoff.  

The Raith 150 EBL system, shown in Figure 3.11, was used in this work at 

the Center for Nanoscale Systems at Harvard University.  This system includes a 

field effect scanning electron microscope, computer controlled pattern generator, 

and 20 keV electron source. 
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Figure 3.11: Raith 150 electron beam lithography system
78

 

 

 Reactive Ion Etching  3.2.4

Etching in microfabrication is the process of chemically removing 

material from a sample.  For many etch steps, part of the sample is protected from 

being etched using a mask; for this work, the mask was photoresist which was 

applied and patterned using traditional photolithography.  Using this method, the 

pattern is transferred onto the sample by selectively removing layers of the sample 

in areas not covered by the mask.  Etching can be done chemically by using a 

liquid that will remove the target material at a faster rate than the mask material; 

this is called ñwet etchingò.   

In this work however, reactive ion etching was used, which is also called 

ñdry etching.ò  This is a vacuum process where ions are created in a plasma and 

accelerated between the negatively charged plasma and positively charged wafer 



 

 

67 

 

platter.  The platter holds the sample onto which the ions impact and react 

chemically to selectively remove unmasked areas.  Due to the vertical path of the 

ions, RIE produces a very anistropic etch profile.  Different gasses must be used 

to etch different materials.  The etch chemistries used in this work included BCl3, 

Cl2, Ar, and N2, which were used both for etching GaSb and InAs/GaSb diodes. 
79ï

82
  RIE is not completely selective however, and depending on the type of mask 

used thick layers may be needed to create deep etch profiles.  This is especially 

the case when using resist as the etch mask.  The specific etcher used was an 

inductively coupled plasma (ICP) reactive ion etcher, which means that the 

energy in the plasma is supplied by electric currents produced by induction, which 

is created by time-varying magnetic fields. 

Cleaning the sample is another use for etching.  In this case, only 

contamination is intended to be removed; oftentimes this is organic residue 

generally from leftover photoresist.  A low power oxygen plasma ñdescumò is 

used to oxidize or ñashò leftover photoresist which is then removed by the 

vacuum pump.   
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Figure 3.12 Left: Unaxis ICP RIE used for III-V material etching and Right: 

Technics micro-stripper used for plasma cleaning at the Center for Nanoscale 

Systems at Harvard University. 
78

 

 

 Deposition 3.2.5

 There are many different deposition techniques, one of which, molecular 

beam epitaxy, has already been discussed.  This section will focus on techniques 

which are used for the deposition of thin films such as contact material, isolation, 

or passivation layers for the preparation of devices. 

 

Electron Beam Evaporation 

 Electron beam evaporation is a method of thin film deposition used in 

semiconductor processing.  It involves using electrons to heat a source material in 

a vacuum, which then evaporates and travels to the sample, where it subsequently 

condenses.  Base pressure for these systems is on the order of 10
-7

 Torr.  

Deposition rate is determined by the current of the electron beam and temperature 

of the source and with typical rates of 1 or 2 Angstroms/s.  Deposition is line of 
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sight, so complex geometries are difficult to evenly coat.
54

  Evaporation has worse 

step coverage than sputtering systems; however this can be desirable as it makes 

liftoff of metal films easier. 

 

 

Figure 3.13: One of the e-beam evaporators used at Harvard CNS 
78

 

 

Chemical Vapor Deposition and Atomic Layer Deposition 

Chemical vapor deposition (CVD) is a process through which material is 

deposited on a substrate or sample via a plasma and thermally assisted chemical 

reaction on the surface.  In this method, a sample is placed in a high vacuum 

chamber and exposed to volatile precursors which react with the surface of the 

sample to produce the desired deposition material.  This method produces highly 



 

 

70 

 

conformal thin films even with high aspect ratio structures.  This work used CVD 

to deposit silicon nitride to act as an isolation layers and antireflection coatings. 

Atomic layer deposition (ALD) is a special case of CVD where the 

precursor gases are introduced into the deposition chamber separately.  For 

example, precursor A will be pulsed into the system allowing it to react with the 

sample, it will then be pumped out of the chamber when precursor B will be 

pulsed into the chamber completing the chemical reaction for the desired 

deposition material.  Any extra precursor will be pumped out of the chamber, thus 

completing a full cycle.  Using this method, the deposition is limited to one 

monolayer per cycle, allowing for very fine control of deposition thickness.  The 

drawback to this method is that it is extremely slow. 

 

Figure 3.14: Left CVDs used at Harvard CNS 
78

  

 

 

3.3 Device Testing  
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Once the samples have been created and prepared, they need to be tested 

and evaluated.  A variety of tools were used in this research, some of the major 

ones are described below. 

 

 X-Ray Diffractometer 3.3.1

X-ray Diffraction (XRD) is a method of analyzing a sample in which an x-

ray beam is incident on the sample and produces scattered beams.  The sample is 

slowly rotated and through analyzing the strengths and angles of the diffraction 

pattern formed by the scattered x-rays, crystallographic information can be 

obtained.  This includes determining the spacing between layers or rows of atoms, 

the orientation of a single crystal or grain, crystal structure, internal stress of 

crystalline regions, etc.  

Braggôs law can be used to determine the interference pattern formed by x-

rays scattered are scattered by crystals.  It describes the condition when the angle 

of incidence is equal to the angle of scattering and the path-length difference is 

equal to an integer number of wavelengths.  When this occurs, constructive 

interference causes peaks in the scattered x-ray intensity.  Braggôs law is shown in 

Equation 3.2 where n is an integer multiple, ʇ is wavelength, d is the lattice 

spacing, and — is the scattering angle. 

 Îʇ ςÄÓÉÎ— Equation 3.2 
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Figure 3.15: Depiction of X-rays as they are incident and scattered off of a 

crystal. 

 

 Scanning Electron Microscopy (SEM) 3.3.2

Imaging is one of the best and easiest ways to determine the state of a sample 

or device.  Using magnification through microscopes one can instantly see a 

sample and determine many physical abnormalities, allowing for rapid 

verification of process results and troubleshooting.  However optical diffraction 

limits constrain the smallest features visible in traditional optical microscopes to 

about half of the optical wavelength.  For nanofabrication this resolution is 

insufficient, and as such, electron microscopy is used to image structures beyond 

the capabilities of light. 

A scanning electron microscope uses electrons instead of photons, and scans 

this focused beam of high energy electrons in a raster pattern across a sample.  
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The electrons from the microscope enter the surface and interact with the 

electrons in the sample, exciting them.  The different signals produced convey 

information about the topography and composition of the sample.  Several of 

these different signals include secondary electrons, back-scattered electrons, X-

rays, and cathodoluminesence, as shown in Figure 3.16.  A wide range of 

magnifications ~10x to 500,000x is possible, with details resolvable on the order 

of single nanometers.   

 

Figure 3.16: Interaction effects of an electron beam with a sample.  The lines 

within the excitation volume denote the areas where the indicated effect 

predominates. 
83
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Secondary electrons are the most common signal detection mode.  Secondary 

electrons are freed from the surface after being excited by the microscope electron 

beam.  They are imaged with two types of detectors: a secondary electron detector 

(SE2) or an inlens detector.  The inlens detector is located within the SEM 

column and works better at low voltages and small working distances.  It images 

differences in the work function well and shows good contrast between 

materials.
84

  The SE2 detector is positioned off to the side of the SEM column and 

is better for imaging topographic information and surface morphology.
84

 

 

 

Figure 3.17: Left:  image taken with inlens detector of a GaSb TPV aperture.  

Right:  image of GaSb aperture taken with an SE2 detector 

 

SEMs are typically used in high vacuum, although other conditions are 

possible.  The samples being imaged must be conductive in order to prevent 

charge buildup from the electron beam which would saturate the detector.  

Nonconductive samples can still be imaged as long as they have been coated with 

a thin conductive layer, such as sputtered gold. 
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Figure 3.18: Schematic of an SEM column.
84

 

 

 Fourier Transform Infrared Spectroscopy (FTIR) 3.3.3

Infrared spectroscopy, such as an FTIR, can measure infrared spectra of 

materials from roughly 1.5 to 25um.
85

  An FTIR is named such because a Fourier 

transform is required to convert the raw data into the actual spectrum.  A major 

advantage of this method is that it can collect spectral data over a wide range 

simultaneously, whereas methods using a monochromator must slowly scan 

through each wavelength individually.  FTIRôs are especially useful for 

measuring absorption, emission, and transmission of materials. 



 

 

76 

 

Two types of FTIRs were used in the work, a Jasco FT/IR-6200 with an IRT-

5000 infrared microscope and a Thermoscientific Nicolet 6700 as seen in Figure 

3.19. 

 

Figure 3.19: Two FTIRs used in this work. Left:  Jasco FTIR with microscope 

stage.
86

 Right:  Thermoscientific Nicolet FTIR 
87

 

 

The main difference between the two is the microscope stage on the Jasco model 

which allows for measurements on small areas on the order of 100um.  This stage 

features a Cassegrain reflector which allows for reflection measurements 

averaged between 25 degrees and 45 degrees.  The Thermoscientific FTIR allows 

for normal incident transmission measurements and 10° off normal reflection 

measurements.  FTIRs function using interferometry, and as such, the heart of the 

instrument is a Michelson interferometer as seen in Figure 3.20. 
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Figure 3.20: Diagram of a Michelson interferometer used in FTIRs. 

 

In this setup, a light source is directed at a beam splitter where the light is 

distributed with roughly half going towards a stationary mirror, and half towards a 

movable mirror.  The light is then reflected back through the beam splitter where 

roughly half of the original light as focused on the sample, and then the detector.  

The interferogram is created by recording the signal from the detector while 

varying the retardation, where retardation is the difference in path length between 

the mirror paths in the interferometer. 
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 Ellipsometer 3.3.4

An ellipsometer is a spectroscopic tool used to determine optical properties, 

such as complex index of refraction; it can also determine physical properties, 

such as thickness of different layers.  The user, however, must have prior 

knowledge of some of the properties of the material, for instance to determine the 

exact thickness of a material, one must have a rough idea of its thickness.  The 

tool works by detecting changes in light polarization due to reflection from a 

material.  A depiction of the notable parts of the tool can be found in Figure 3.21. 

In this research, the ellipsometer is used to obtain material properties with which 

to use in simulation software, as well as to determine reflection and transmission 

data for samples. 
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Figure 3.21:  A spectroscopic ellipsometer works by filtering white light through 

a monochromator, linearly polarizing it and guiding it through a quarter wave 

plate to create a circular polarization.  The beam is then incident on the sample 

which will change the polarization based on the properties of the material.  A 

photodetector determines these changes after the light has passed through the 

rotating analyzer and the results are compared to data files and a best fit for the 

desired properties is found. 
88

  

 

The tool used in this research was a J.A. Woollam Company variable angle 

spectroscopic ellipsometer (VASE).  This version has the ability to vary the angle 

of incidence of the light upon the sample, and also the wavelength of the light 

itself. 



 

 

80 

 

 

Figure 3.22: J.A. Woollam VASE ellipsometer.
78

 

 

 Solar Simulator with Source-meter  3.3.5

One of the primary methods with which solar photovoltaic devices are 

characterized is by their current-voltage (IV) curves under varying spectra of 

illumination.  For solar spectra testing, this characterization is done using a 

Newport Oriel Solar Simulator with a 1600W Xenon bulb with the Newport PV-

IV software.  A Keithley source-meter is used to generate the curves, and neutral 

density filters are used to adjust the levels of incident radiation.  The apparatus, 

shown in Figure 3.23 also has a cooled sample stage with suction to hold the 

sample in place as well as a probe station.  The source-meter provides the current 

and voltage sweeps and takes measurements of the samples response with its built 
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in multimeter.  The Xenon lamp is used with an AM1.5 filter to make the incident 

spectrum as close to the sun as possible. 

 

 

Figure 3.23: Newport Oriel Solar Simulator in the REAP lab.  The Keithley 

source-meter can be seen on the lower right. 

 

 

 CyroSim: Low Temperature Thermal Simulator 3.3.6

This custom-made tool is used for characterizing low source-temperature, 

long wavelength thermophotovoltaics.
89,90

  The apparatus, shown in Figure 3.24, 

uses the same source-meter as the solar simulator to determine dark and light IV 

curves.  The testing conditions within the test chamber are tightly controlled in 

order to obtain accurate measurements and to test the samples under a variety of 

circumstances.  The test chamber is under high vacuum (up to 2e-6 Tor), and 

cooled to cryogenic temperatures.  The sample heater and calibrated blackbody 
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radiation source can be varied between temperatures of 80K and 400K.  By 

varying these conditions, the sample can be tested at a variety of different incident 

temperatures while it is at a variety of different temperatures itself.  The sample is 

protected from incoming thermal radiation by two liquid nitrogen cooled copper 

shells, which serve to isolate the sample so that the only heat source it can detect 

is the blackbody radiator.  Without the shells, an error would be caused by 

additional sources of radiation besides the blackbody which would not be able to 

be accounted for.  Thus the power incident on the sample would be higher than 

expected, and the calculated efficiency would most likely be higher than it 

actually is.   
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Figure 3.24. CryoSim testing apparatus.  The vacuum chamber is visible on the 

right side of the image, while the controls and gauges are in the rack on the left.  

Copper shells are not shown. 

 

The two main tests that the solar and thermal simulators perform are light and 

dark IV curves.  These curves can be found in Figure 3.25.  Once these curves 

have been obtained for the cell in question, cell characteristics such as Voc, Isc, and 

efficiency may be found which will be discussed further in Section 3.4. 
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Figure 3.25:  Typical dark and light I-  shows the maximum power 

point.
91

 

 

3.4 Performance Metrics 

 Conversion Efficiency 3.4.1

 The performance of thermophotovoltaic cells are measured by several 

different metrics.  One of the most important metrics from a device perspective is 

the conversion efficiency.  This measures the amount of power produced 

compared to the power input.  From a design standpoint another valuable metric is 

quantum efficiency, which gives information about light absorption, carrier 

creation, and recombination.    

The conversion efficiency, ɖ, is the ratio of the maximum power extracted, 

Pmax, to the power incident on the TPV cell, Pin.  For the purposes of this work, 
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conversion efficiency refers to the efficiency of the photovoltaic device itself.  It 

is important to note that TPV system efficiencies will differ from cell efficiencies 

for TPV system incorporates spectral control features such as emitters and filters 

as well as photon recuperation mechanisms to recycle heat and reflect light back 

to the emitter.  Conversion efficiency can be determined from Equation 3.3, 

which is an empirical method where measurements must be taken on a 

photovoltaic cell.  To determine cell characteristics necessary to find the 

conversion efficiency, one must find the I-V curve, shown in Figure 3.26. 

 

 
ʂ
Pmax

Pin

VmpϽImp

Pin

&&Ͻ6 ϽI

Pin
 Equation 3.3 

 

Power is equal to the product of the voltage and current according to 

Jouleôs Law
92

, thus the max power (Pmax) is the product of the max voltage point 

(Vmp) and the max current point (Imp).   The incident power Pin is equal to the total 

power of all wavelengths which are incident upon the cell.  The open circuit 

voltage (Voc) is the voltage produced by the cell at a certain illumination when 

there is infinite impedance.  The short circuit current (Isc) is the current produced 

by the cell when the load is short circuited with the same illumination.  Also 

useful are Jsc and Jmp which are the short circuit current density and max point 

current density respectively using these, one does not need to account for the area 

of the cell.  To obtain Isc (Imp) from Jsc (Jmp), one must simply multiply by the area 
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of the cell.  The fill factor (FF) shown in Equation 3.4
93

 is the ratio of the 

maximum amount of power obtainable to the maximum amount of power 

theorized.  It indicates the max power point (Vmp, Jmp) where the cell operates on 

the I-V curve of the cell.   

 
&&

VmpϽJmp

6 ϽJ
ρ Equation 3.4 

 

 

Figure 3.26: I-V curve of a silicon solar cell showing Imp, Vmp, Isc, and Voc.  The 

ratio of the rectangle formed by connecting the Vmp and Imp lines over the area of 

the rectangle form by connecting the Voc and Isc lines.  From 
94

 

 

There is no analytical method for determining the fill factor, but Equation 3.5, 

originally made by Green
95

  is useful for estimating it 
96

: 

 
&&ḙ 

ʉ ÌÎ  ʉ πȢχς

ʉ ρ
 Equation 3.5 
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where the expression for ʉ is shown in Equation 3.6 
96

:    

 
ʉ  

ÅϽ6

ËϽ4
 Equation 3.6 

 

The fill factor is affected by the diode ideality factor, leakage currents, and 

shunt and series resistance effects.
11

  The ideality factor is a measure of how well 

a diode follows the ideal diode equation; it takes into account how a diode 

actually performs compared to how a perfect, ideal one would.  Leakage in 

semiconductors is a quantum phenomenon where mobile charge carriers tunnel 

through an insulating region.  Also called dark current, it is the small amount of 

electric current that flows when no light is hitting the cell, and can be used as a 

measure of recombination in the device.  It increases with temperature and 

decreases as quality of the material is increased.  Shunt resistance provides an 

alternate current path for photo-generated current thus reducing the amount of 

current flowing through the diode junction and reducing the voltage from the cell.  

Shunt resistance is typically due to manufacturing defects, not design defects, and 

is particularly severe at low light levels.  Series resistance is caused by the 

resistance of the cell material to current flow especially between the front surface 

material to the contacts and from the resistance of the contacts themselves.  Fill 

factors are generally in the range of 60-70% for TPV and are generally lower than 
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PV most likely because of the difficulties associated with low bandgap diodes and 

the high current levels in TPV which increase series resistance effects.
11

 

 

 Quantum Efficiency 3.4.2

 Quantum Efficiency (QE) is the number of carriers created per photon 

incident on the TPV cell.
97

  QE accounts for losses due to reflection on the front 

surface of the cell, losses from photons of a wavelength lower than the bandgap of 

the material which are not absorbed, and from minority carriers which are 

reabsorbed before they are collected by the p-n junction.   

 
QE = 

# of free electron-hole pairs generated and collected

# of incident photons

)ȾÅ

0ȾÈÖ
 Equation 3.7 

 

Equation 3.7
5
 shows that quantum efficiency is equal to the number of free 

electron-hole pairs that are generated and collected, divided by the number of 

incident photons upon the cell.  The number of electrons per second is equal to the 

number of electron-hole pairs generated per second and is determined by dividing 

the photocurrent )  in the external circuit by the charge of an electron, Å.  The 

number of photons arriving per second is 0ȾÈÖ, where 0 is the incident optical 

power, È is the Planck constant, and Ö the frequency of light.   

Quantum efficiency can be separated into the subcategories of internal 

quantum efficiency (IQE) and external quantum efficiency (EQE).  As described 

above, the QE is defined for the whole device and is referred to as the external 

quantum efficiency.  The internal quantum efficiency is the number of electron-
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hole pairs generated per absorbed photon without accounting for carrier losses.  

The external quantum efficiency accounts for IQE as it takes the whole device 

into account, not just the photons after they enter the device.   

 

hɜ 100 photons in

0 photons out
Ÿ100% Internal 

Quantum Efficiency

50 electrons out

Ÿ50% External 

Quantum Efficiency

 

Figure 3.27: External vs. internal quantum efficiency.  The amount of photons 

out compared to photons in dictate the internal quantum efficiency, while the 

amount of electrons out compared to photons in dictates the external quantum 

efficiency. 

 

Figure 3.28 depicts external quantum efficiencies for several different types of 

TPV cells and shows that external quantum efficiencies of 50 to 80% and above 

are currently achievable over certain wavelengths.   
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Figure 3.28:  ñExternal quantum efficiency spectrum of TPV cells (long 

wavelength part).  Antireflection coating (anodic oxide) was applied only to the 

GaSb cell.  Shadowing losses caused by the contact grid were within 15-20%.  

The spectrum of the JPL IR bandpass filtered large area pulsed solar simulator 

(LAPSS) irradiance (solid line, right axis) is shown for comparison.ò 
98

 

 

The cells tested by Sulima et al.
98

 have a front contact grid that covers 

about 15 to 20% of the front surface of the cell.  This is a significant percentage of 

the total active area that is covered; however, there are ways to mitigate these 

losses.  If the contact grids are metallic, then it is possible to recover these losses 

in a TPV system by recycling the reflected light back into the emitter. 
11

 Another 

possibility currently being researched is transparent conducting oxides (TCO) for 

use in TPV and PV alike.
99ï102

  TCOs allow light to pass through, so as not to 

affect the external quantum efficiency, while at the same time allowing current to 

pass through them to the external circuit.  Reflective losses are due to photons 
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bouncing off the surface of the top material and can generally be minimized using 

an anti-reflection coating (ARC).  Two proposed types of ARCs for GaSb TPV 

include transparent conducting oxides
103

 and subwavelength grating structures. 
104

 

 Another, more analytical method for determining TPV cell conversion 

efficiency is derived from diode physics in Equation 3.8 
22,93

: 

 

 
ʂ 1%Ͻ&Ͻ

6

%
Ͻ&& Equation 3.8 

 

QE is the quantum efficiency as described above.  F0 is the photon overexcitation 

factor.  This factor accounts for irreversible thermalization losses caused by 

absorbing above bandgap photons, which leads to excited carrier relaxation, and 

is defined as the fraction of energy absorbed above the bandgap of the material.  

F0 is proportional to Eg, which is the bandgap energy, and increases as Eg 

increases for a given blackbody radiator temperature because a smaller fraction of 

the energy is greater than the bandgap energy.  Voc is the open circuit voltage as 

described above, but can also be estimated according to the Equation 3.9 
93

: 

 

 
6 Ë4ÌÎ

*

*
ρ Equation 3.9 

 

Jsc is the short circuit current density, it is the same as the short circuit current but 

it accounts for the area as well.  J0 is the dark current density also known as 
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leakage current density as mentioned above.  The variable k is Boltzmannôs 

constant and T is the temperature of the cell.   

 

 Recombination effects 3.4.3

Recombination of minority carriers is the largest source of inefficiency in 

thermophotovoltaic cells due to their narrow bandgaps.  Mauk
11

 performed a good 

analysis of recombination which will largely be recreated here.  The probability of 

a minority carrier to recombine is directly related to its effective lifetime denoted 

as Űeff.  The effective minority carrier lifetime in a layer of thickness, d, is shown 

in Equation 3.10
11

: 

 ρ
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ρ
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Ű
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 Equation 3.10 

 

where M is a photon recycling factor which takes into account minority carrier 

regeneration due to the absorption of photons which were created by radiative 

recombination.
11

  It ranges from 1 to 10 depending on the optical properties of the 

material.  S1 and S2 are surface recombination velocities at each of the bounds of 

the layer.   

The different types of recombination, explained well by Zeghbroeck
105

, 

include contributions from radiative recombination, Űrad; Auger recombination, 

ŰAug; Shockley-Read-Hall recombination, ŰSRH; and surface recombination.  

Radiative recombination, also called band-to-band recombination is when an 
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electron moves from its conduction band into an empty valence band state.  Auger 

recombination occurs when an electron and a hole recombine in a band-to-band 

transition, but the resulting energy is imparted to another electron or hole.  This 

third particle affects the recombination rate necessitating different treatment of 

Auger and band-to-band recombination.  Shockley-Read-Hall recombination, 

sometimes referred to as trap-assisted recombination, is when an electron falls 

into a ñtrapò which is an energy level caused by a structural defect or foreign 

atom, possibly from impurities in the material.  The electron in the trap then 

recombines with a hole by moving into an empty valence band state.  Surface 

recombination is very similar to Shockley-Read-Hall recombination with the main 

difference being that surface recombination is due to a two dimensional density of 

traps at surfaces and interfaces.  This is significant because of the large number or 

recombination sites (traps) which exist at surfaces and interfaces because of the 

abrupt termination of the semiconductor crystal.  The following table created by 

Mauk
11

 lists the rates for the different types of recombination as well as 

limitations on diode dark current and open circuit voltage. 
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Figure 3.29: Recombination limitations on diode dark current and open-circuit 

voltage 
11

 

 

The recombination coefficient, B, for radiative recombination has been derived by 

Arhenkiel
106

 and is: 

 
"  πȢυψρπ ЍŮ

ρ
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Equation 3.11 

 

where Ů is the dielectric constant, Eg is the bandgap, mp and mn are the effective 

masses of holes and electrons, respectively.  Figure 3.30 shows some values for 

the proportionality constant B. 
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Figure 3.30: Calculated and experimental radiative lifetime coefficients for 

direct bandgap IIIïV compounds (T = 300 K): (ð) Garbuzov calculation, (ƴ) 

Hall calculation, (+) van Roosbroeck/Shockley calculation, ( É) GaAs, (Ã) InP, 

(p) GaSb, (̧ ) InSb, (Ï) InAs, (r) InGaAs, (q) InGaAsP, (s) InGaSb, (¹) 

InAsSb  
107

 

The models for Auger coefficients, C, are much more complicated, but Charache 

has plotted several empirical data sets in Figure 3.31. 

 

Figure 3.31: Calculated and experimental Auger coefficients for direct bandgap 

IIIïV compounds (T=300 K) from the literature: ( É) GaAs, (Ã) InP, (p) 

GaSb, (̧ ) InSb, (Ï) InAs, (r) InGaAs, (q) InGaAsP, (s) InGaSb, (¹) 

InAsSb 
107
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3.5 Simulation Methods 

There were two main simulations performed in this work, bandstructure 

energy levels for superlattice materials and band alignment between different 

layers in the device.  For the former, the bastard model, k.p method, and the 

superlattice empirical pseudopotential method (SEPM) were investigated with the 

k.p method directly compared to the SEPM.  For band alignment simulations, a 

custom written simulation program based on general semiconductor principles 

was used alongside the software package Sentaurus by Synopsys.  Additionally, 

intrinsic carrier concentration versus bandgap simulations were carried out to 

determine the viability of room temperature operation. 

The bandstructure of InAs/GaSb superlattices has been modeled with a 

number of different methods
108ï115

. Several of these will be discussed in further 

detail in the following subsections. 

 

 k·p method 3.5.1

The k·p (k dot p) method, or k·p perturbation theory is an empirical method 

for approximating the bandstructure and optical properties of crystals using band 

states as a basis.  It can be used with periodic systems through the use of the 

Bloch theorem
116

, however it can also be used with nonperiodic systems through 

the use of an envelope function
117

. 
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The mathematical derivation for the k·p method is presented following 

almost identically to the succinct derivation and explanation given by 

Ungersboeck
118

. A more detailed explanation including more information about 

perturbation theory, symmetry, effective mass determination, and numerous k·p 

models can be found in the book: The k·p Method Electronic Properties of 

Semiconductors
119

.   

The k·p method can be obtained from the one-electron Schrödinger equation 

  
Ὄ‰ ►  

ὴ

ςά
ὠ► ‰ ► Ὁ‰ ► Equation 3.12 

 

where H is the one-electron Hamiltonian operator and V(r ) is the periodic lattice 

potential.  The wavefunction of en electron in an eigenstate is ‰ὲ, while its energy 

is En.  Since a crystal is periodic in nature, Blochôs theorem can be applied, and 

the solutions of Equation 3.12 become: 

 ‰▓► Ὡ▓ẗ►ό▓► Equation 3.13 

 

In Equation 3.13 n is the band index, k is a wave vector, and όὲ▓► denotes the 

periodicity of the lattice.  ‰ὲὯ► can be substituted into Equation 3.12 with the 

assumption that the potential V(r) is local. 
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Equation 3.14 yields a complete set of eigenfunctions όὲ▓π, for any fixed 

wavevector k = k0, which span the space of lattice periodic functions in real space.  Thus, 

‰▓► at k can be expanded in terms of όὲ▓π: 

 ‰▓► ὅὲȟὲ ▓ȟ▓ Ὡ▓► ό ▓  Equation 3.15 

 

The functions ‰▓► and the eigenenergies Ὁ▓ at any k vector k0 + ȹk near k0 

can be determined once Ὁ▓  and ό▓  are known, by treating the term 
ᴐ▓ẗ▬

 in 

Equation 3.14 as a perturbation. 

 

 Empirical Pseudopotential Method 3.5.2

The empirical pseudopotential method (EPM) is a way to solve 

Schrodingerôs equations for bulk crystals without knowing the exact potential 

experienced by an electron in the crystal lattice.  By assuming that core electrons 

are tightly bound to the nucleus, one can replace the strong Coloumb potential of 

the nucleus and the effects of the tightly bound core electrons by a 

pseudopotential, or in this case an effective ionic potential acting on the valence 

electrons.
120

  As seen in Figure 3.32, above a certain cutoff radius, rc, the real and 

pseudo wavefunctions and potentials are virtually identical. 
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Figure 3.32: Wavefunction in the Coulomb potential of the nucleus (blue) 

compared to the pseudopotential wavefunction (red). 

 

A mathematical basis for the empirical pseudopotential method is presented based 

on Cohen and Bergstresser,
121

 and is essentially identical to the development and 

explanation given by Danner.
122

 Frist, one starts with the time-independent 

Schrodinger equation, 

 ᴐ

ςά
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where the Hamiltonan for an electron in the crystal consists of a kinetic-energy 

term plus a weak potential which depends on position: 
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and because a crystal is a periodic structure, one can use Blochôs theorem to 

rewrite the wavefunctions in terms of plane waves:  

 ɰὯȟὶ Ὡ ẗό ὶ Equation 3.18 

 

The plane wave expansion is then used to write each as an infinite series, summed 

over reciprocal lattice vectors: 

 ɰὯȟὶ Ὡ ẗ ὃ Ὡ ẗ Equation 3.19 

 

 6Ò ὠ Ὡ ẗ Equation 3.20 

 

where A and V are the Fourier coefficients for the given reciprocal lattice vectors.  

These are then substituted back into the Schrodinger equation: 

  ü
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Equation 3.21 

 

Equation 3.21 can then be multiplied by an orthogonal function Ὡ ẗ and 

integrated over the volume of the crystal, thus Kroneker delta functions fall out 

where there were previously exponentials. 
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 ü

ςά
ȿὯ ὑȿὃ ‏ ὠ ὃ ‏

ὉὯ ! ‏  

Equation 3.22 

 

One summation in each term can be eliminated in order for the terms to be non-

zero. 

 ü

ςά
ȿὯ ὑȿὃ ὠ ὃ ὉὯ!  Equation 3.23 

 

At this point, the equation can be written as an eigenvalue equation in matrix 

form,   

 

 

Equation 3.24 

 

To solve Equation 3.24, the Hamiltonian matrix must be diagonalized.  The 

eigenvalues of the matrix are the possible values of E(k).  To find each k vector in 

a band diagram, the matrix must be diagonalized. 

 
Ὄȟ

ü

ςά
ȿὯ ὑȿ‏ȟ ὠ  Equation 3.25 

 



 

 

102 

 

Equation 3.25 allows for the calculation of each element in the matrix, which 

leaves only solving for the appropriate values for the potential function V.  For 

zincblende or diamond materials with an fcc structure there are two atoms per unit 

cell, nd as such the potential must include the contribution from both atoms.  The 

point halfway between the atoms will be taken as the origin of each cell in the fcc 

structure as per the convention of Cohen and Bergstresser. 

 ὠ ὠ ÃÏÓὑ ẗ† Ὥὠ ÓÉÎὑ ẗ† Equation 3.26 

 

where † is the absolute offset of an atom from the origin of each cell in the fcc 

lattice and for this work is shown in Equation 3.27.  The terms ὠὑά
Ὓ

 and ὠὑά
ὃ

 are 

the form factors and are generally determined empirically, although many can now be 

found in literature.  Vurgaftman et al. discuss some first principles for form factors in 

their work
51

.  

 
† ὥ

ρ

ψ
ȟ
ρ

ψ
ȟ
ρ

ψ
 Equation 3.27 

 

The superlattice empirical pseudopotential method (SEPM) was originally 

developed by G.C. Dente and M.L. Tilton
108,109,123

.  The representation of the 

effective potential for the superlattice is the main differentiator.  They use a 

superposition of the component material pseudopotentials, however, they account 

for the thickness of the layers in the superlattice, and they include a factor to 

account for the transition between the materials. Finally, an additional parameter 
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is required for the energy-band lineups between the different materials in a 

superlattice
109

.  This method was used to design the devices in this work because 

the calculated SEPM bandgap matches best with experimental absorbance and 

photoluminescence data. 

 Mathematica Custom Simulation Software 3.5.3

The band alignment and dark current calculations performed in this work 

were custom made based on semiconductor physics principles found in most 

textbooks on the subject.  The code was developed with our collaborators at 

Fraunhofer IAF.   

The band alignment software is used to plot the energy levels of different 

materials in a heterojunction after they have been brought together in order to 

visually examine any discontinuities in the alignment.  These discontinuities 

could be designed, such as in a single-band barrier, or be a product of improper 

material choices which can cause undesirable barriers or traps which would 

decrease device performance. 

The dark current module calculates generation-recombination current and 

diffusion current.  Doping levels, temperature, bandgap, and carrier lifetime can 

all be varied. The program is set up for both a homojunction case and 

heterojunction case so that the two can be compared.  As such, dark current 

reductions due to a barrier layer can be approximated, and increases in 

performance from a single-band barrier design can be estimated. 
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 Sentaurus Synopsys 3.5.4

Sentaurus by Synopsys is a technology computer-aided design (TCAD) suite 

of simulation tools used to develop and optimize semiconductor devices and 

processing technologies.  For this work it was used to determine semiconductor 

band alignments for heterostructure devices as well as to simulate current-voltage 

curves under a solar spectrum to determine conversion efficiency and other 

performance parameters.   

Sentaurus uses many different models and methods to perform simulations, 

such as Schrödinger solutions and complex tunneling mechanisms to determine 

carrier transport.  To obtain optical solutions necessary for I-V simulations, the 

transfer-matrix method was used for this work, although raytracing, beam 

propagation, and finite-difference time-domain (FDTD) solvers are also available.  

The transfer matrix method is a method used to analyze the propagation of 

electromagnetic waves through a medium with multiple layers.
124

 This method is 

based on Maxwellôs equations and continuity conditions for an electric field 

across boundaries of different mediums.  The E-field is known at the beginning of 

a material layer, i.e. the solar spectrum, and the field on the opposite side of the 

layer can be determined from a matrix operation.  Extending this to multiple 

layers, one can use a system matrix to account for each of the layer matrices, and 

then finally convert the system back into reflection and transmission coefficients.   
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 Dark Current and Intrinsic Carrier Simulations 3.5.5

The dark current simulations and intrinsic carrier simulations detailed in 

Sections 5.4 and 5.5 respectively are based on typical semiconductor physics that 

can be found in virtually any textbook on the subject.  Diffusion current for a 

homojunction was calculated according to Equation 3.28, while the heterojunction 

case can be found in Equation 3.29. 

  

Equation 3.28 

 

 

 

Equation 3.29 

 

In these equations, q is the electron charge, kB is the boltzman constant, ɛ and Ű 

are the carrier mobility and carrier lifetime respectively with the subscripts 

depicting different locations in the device, T represents temperature, Vd is the 

built-in voltage of the diode minus any applied voltage, and the number of 

intrinsic carriers, ni, is determined by:  

  
Equation 3.30 

 

The effective conduction band density of states, Nc, is given in Equation 3.31 and 

the effective valence band density of states, Nv, is given in Equation 3.32, 
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Equation 3.31 
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Equation 3.32 

 

where me is the effective mass of an electron, mh is the effective hole mass, and h 

is the Planck constant.  The generation-recombination current is calculated 

according to Equation 3.33 for the homojunction case and Equation 3.34 for the 

heterojunction case. 

  

Equation 3.33 

 

The G-R current shown in Equation 3.33 is simply the integral of the trap-assisted 

recombination rate G(x) over the depletion region x. 

  

Equation 3.34 

 

The heterojunction case is the same process; however, it splits the calculation into 

two parts: one integral for the p-type material, and another for the n-type. 
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Chapter 4 : Literature Review 

This section seeks to provide a brief, and most certainly incomplete review 

of the literature for the topics investigated in this thesis.  It will progress in the 

same order the background was given and that the results will be presented: long 

wavelength TPV, metamaterial selective thermal emitters, photonic crystal TPV 

filters, and interfacial misfit arrays. 

4.1 Long Wavelength TPV Sims 

 k·p method 4.1.1

The k·p method was originally used by Bardeen in 1937 to determine the 

conductivity of monovalent metals
125

.  Another early application was the 

derivation of the sum rule for effective masses by Seitz
126

, which was then 

extended to include degenerate bands by Schockley
127

 and the effect of spin-orbit 

interaction by Dresselhous
128

 and Kane
129

.  Kane also extended the expression 

obtained for a nondegenerate band as a function of ȹk to larger values of ȹk 

through the use of degenerate perturbation theory when determining the 

bandstructure of indium antimonide
130

.  The work on the k·p theory by Kane is 

often referred to as the Kane model.  Another flavor of the k·p method is known 

as the Luttinger-Kohn model, which is a generalization of the single band k·p 

theory where the influence of all other bands is taken into account using Löwdinôs 

perturbation method
131,132

.  The Pikus-Bir Hamiltonian included the effect of 
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strain in a crystal
133ï135

, and Cardona and Pollak extended the technique to cover 

the full Brillouin zone
136

.   

The k·p has been used for a myriad of applications and is sometimes referred 

to as the standard method for determining band structures
109

.  Of pertinence to this 

thesis, the k.p method has been used to study superlattices, and in particular it has 

even been used for the InAs/GaSb superlattice material system
137ï140

.  The method 

is still in widespread use today as in 2010 Rejeb et al. modeled an 

InAs/GaSb/InSb superlattice for laser diode applications
141

. 

 

 

Figure 4.1: ñBand proýles, energy levels and wavefunction of fundamental 

electron e1, heavy hole hh1 and light hole lh1 levels for abrupt 30-period InAs 

(4 ML)/GaSb (3 ML)/InSb (1 ML)/GaSb (3 ML) structure.ò 
141

 

 

 

 Empirical Pseudopotential Method 4.1.2
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The empirical pseudopotential method (EPM) was first developed in the late 

1950ôs and early 1960ôs by J.C. Phillips and L. Kleinman,
142ï144

 as they developed 

the local pseudopotential theory.  Cohen and Bergstresser followed this work with 

band-structures and form factors for numerous semiconductors with diamond and 

zinc-blende structures in the mid 1960s
121

.  However these works, as well as the 

mathematical explanation of the theory in Section 3.5.2, did not include localized 

effects or spin-orbit coupling.  In the mid-1970s, Chelikowsky and Cohen added 

correction terms to the Hamiltonian matrix to improve the model based on these 

effects
145

. 

Over the past several decades, much work has been done to investigate the 

optical properties and electronic structure of materials using the empirical 

pseudopotential method.  A few examples include numerous zincblende and 

diamond structure semiconductor alloys
121

, copper
146

, silicon carbide
147,148

, nitride 

semiconductors
149

, and diamond
150

.  The method has even been used to examine 

nanostructured materials as well, such as Si quantum dots
151

, and carbon 

nanotubes
152

.  Of particular interest to this work is the application of the empirical 

pseudopotential method to superlattices.  As early as 1980, Andreoni and Car 

explored superlattices using the EPM, calculating the energy-band structures of 

GaAs/Ga1-xAl xAs superlattices
153

.  Friedel et al. developed a reliable EPM for 

computing the near-gap band structures and optical matrix elements of strained 

Si/Ge superlattices in 1989
154

.  Mäder and Zunger developed a continuous-space 

fully relativistic empirical pseudopotential for AlAs/GaAs in 1994
155

.   
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Dente and Tilton developed a generalization of the EPM for applications to 

superlattice structures in 1999
109

, called the superlattice empirical pseudopotential 

method (SEPM).  One of the differentiating points of their approach is in their 

representation of the effective potential for the superlattice, which is essentially a 

direct superposition of the component material pseudopotentials.  However, the 

thickness of the layers in the superlattice is taken into account, and they include a 

factor to account for the transition between the materials.  This latter factor 

accounts for the fact that material interfaces are not perfectly sharp due to effects 

such as diffusion or migration.  Finally, an additional parameter is required for the 

energy-band lineups between the different materials in a superlattice
109

. 

Of particular note to this thesis is work with the InAs/GaSb superlattice 

material system.  Dente and Tilton used their SEPM method to calculate the 

bandgap energy of InAs/GaSb strained layer superlattices and compared them to 

experimental values from literature
156,157

 as seen in Figure 4.2. 
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Figure 4.2: SEPM superlattice calculations for the effective bandgap of 

InAs/GaSb SLS shown with experimentally determined peak PL emission data 

for 6ML/7ML, 7 ML/7 ML, 9 ML/9 ML and 16 ML/16 ML InAs/GaSb 

superlattice structures
109

. 

 

In 2002, Dente and Tilton investigated the InAs/GaSb material system in more 

detail, comparing the SEPM method to several other simulation techniques and 

literature values
111,123,156ï160

 as shown in Figure 4.3
108

.   

 

Figure 4.3: Experimental data on InAs/ GaSb superlattices from several sources. 

Also shown are calculated results for SEPM, atomistic 1, atomistic 2, and k·p
108

. 



 

 

112 

 

 

Although the techniques used in this thesis were directly based on Dente and 

Tiltonôs work, Magri and Zunger also used the EPM specifically for InAs/GaSb 

superlattices
161

.  They used similar adjustments such as the well and barrier size 

and interdiffused interfaces. 

 This work seeks to compare the two candidate band structure simulation 

methods described in the section, and then use the most accurate one to design 

long wavelength TPV devices.   

4.2 Selective Thermal Emitters 

As mentioned in Section 2.2.1, emitters are an integral component of a 

TPV system.  This is an active field of research spanning several decades of 

research.  The first materials used for selective thermal emitters were ceramics 

and especially rare-earth oxides, which were studied extensively in the 1990s.  

Materials with a moderate spectral selectivity such as cobalt doped refractory 

oxides such as Al2O3, MgO or Al2MgO4 were proposed
162

.  However, most 

research in this timeframe was focused on rare-earths.  These materials have a 

high degree of selectivity over a small spectral range.  This is partly due to 

localized 4f electrons of the lanthanides resulting in almost no interaction with 

neighbor ions and thus no formation of energy bands
163

.  Some examples of 

different materials and their respective wavelengths were presented in Figure 2.7.  

These emitters were produced used a thermal spray approach
12

, however a variety 
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of different fabrication methods have been investigated including fiber bundle 

plate emitters
164

, thin film emitters
165ï167168

, thick film emitters
169

, and small 

particle emitters
170

.  A typical selective emitter output can be seen in Figure 4.4, 

which is a graph of the radiative power for an Yb2O3 rare-earth emitter.  One can 

see the strong selectivity from the near unity emissivity at 1um.  

 

Figure 4.4: Emittance spectrum of an Yb2O3 emitter in Welsbach mantle form at 

1735K. The peak at 1ɛm is due to Yb2O3, the other peaks are due to the 

flame.
163

 

 

 These emitters did achieve a high degree of selectivity; however they 

operated at fixed wavelengths predetermined by the properties of the material in 

use.  In the early 2000s, nanostructured components paved the way for selective 

emitters with the ability to be designed for use at specific desired wavelengths.  

These emitters were made using photonic crystal structures.  Many varieties have 

been made, using 1, 2, and 3D designs.  The first 3D designs were made in 2002 
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by Fleming et al. from Sandia National Labs, and Ames Laboratory as seen in 

Figure 4.5.
171ï173

 

  

  

Figure 4.5: Two examples of 3D tungsten photonic crystals as viewed by a 

SEM.
172,173

 

 

Here one can see the precisely engineered 3D structure.  These structures were 

fabricated using a modified silicon process where silicon dioxide is deposited, 

patterned, and etched to create a mold, which is then filled with tungsten and 

planarized.  After several repetitions, the silicon dioxide is released to leave the 

3D tungsten structure.
173

  The performance of this type of structure can be seen in 

Figure 4.6. 
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Figure 4.6: Measured 3D tungsten PhC emission power at various temperatures, 

as compared to a blackbody at 1500K. 

 

In 2008, Nagpal et al. expanded upon this type of ñwoodpileò 3D structure as can 

be seen in Figure 4.7.  This structure was made using a silica woodpile structure 

created using direct laser writing, and then coated with tungsten of molybdenum 

using CVD.
174

 

 

 

Figure 4.7: 3D photonic crystals created from silica woodpile structures coated 

with tungsten or molybdenum.
174
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Some of the problems with these structures are slow, expensive fabrication 

methods, and oxidation or breakdown at high temperatures.  Arpin et al. 

investigated electrodeposited 3D tungsten PhCs with enhanced thermal stability in 

2011
175

.  These structures can be seen in Figure 4.8.  They achieved increased 

thermal stability up to 1000°C by coating with alumina and 1400°C with hafnia.  

This work did not examine the emissivity of these devices. 

 

 

Figure 4.8: Electrodeposited 3D tungsten PhCs coated with alumina and hafnia. 

 

In addition to three dimensional patterns, research has also focused on two-

dimensional photonic crystals.  One example is the pattern shown in Figure 4.9 

which is a patterned surface grating on tungsten.  This structure was fabricated 

using electron beam lithography and fast atom etching techniques.
176,177
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Figure 4.9: Left: SEM image of 2D PhC.  Right:  Spectral emissivity of three 

similar grating patterns, with flat tungsten for comparison.
177

 

In addition to the square, vein lattice above, 2D PhC emitters also include circular 

hole patterns as seen in Figure 4.10. 

 

 Figure 4.10: Design and spectral radiance of tungsten 2D PhC.
178
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Celanovich et al. have investigated circular 2D patterns for use as selective 

emitters.
17,179ï182

  They focused on tungsten and more recently tantalum as the 

materials of choice for these emitters.  The switch to tantalum was predicated by 

its superior machinability and thermal stability.
182

 

  

Figure 4.11: Simulated emission and emissivity for Ta PhC. 
181

 

 

Figure 4.11 shows simulated emission as compared to a blackbody for a tantalum 

2D PhC pattern as well as its simulated emissivity.  Figure 4.12, however, shows 

the fabricated device, and experimentally measured emissivity.  These structures 

were fabricated using an interference lithography patterning, isotropic plasma 

ashing, chrome hard mask transfer via RIE, and finally etching the substrate.
182
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Figure 4.12: Left: SEM image of fabricated Ta PhC. Right:  Measured normal 

room temperature emissivity of two Ta PhC samples.
181

 

  

Much progress has been made on photonic crystals for selective emitter 

applications.  From novel designs to different materials, this is an active and 

interesting field of research. 

 Metamaterial selective emitters are an even newer topic of research for 

this application, with the first devices for absorption or emission appearing around 

the 2006
183

.  Often called perfect absorbers, due to Kirchoffôs law of thermal 

radiation stating that emissivity = absorptivity at equilibrium, these devices have 

the potential to be perfect emitters as well.  Many of these initial devices showed 

good selectivity and tunability, however, most were designed for use in the 

gigahertz regime
184,185

 and used typical split ring resonator structures.  Other 

research extended the absorption range out to the THz regime
186ï189

, however, the 

split ring geometries used in most of these works would present fabrication 

problems as they are scaled down in size to work at near IR frequencies. 
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 Simpler structures were created for use in the infrared
190ï193

, as seen in 

Figure 4.13, and even visible regimes
194

. 

 

Figure 4.13: Three different designs for infrared metamaterial absorbers.  Left:  

cross pattern
195

, Center: square array of squares
192

, and Right:  triangular array 

of circles
191

. 

 

These designs, especially the square and circular designs are scalable down into 

the 10s of nanometer size dimensions using electron beam lithography or EUV 

steppers.  As such, these designs are good candidates for near-IR 

absorbers/emitters, and have shown good performance to date with high 

selectivity approaching in-band absorption/emission of near 100% as seen in 

Figure 4.14.   
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 Figure 4.14: Upper Left:  Emission for Al circular pattern on SiO2 dielectric
191

 

Upper Right:  Absorptivity of square lattice of circular posts
193

 Lower Left:  

Absorption of square lattice of crosses
196

 Lower Right:  Absorbance of square 

lattice of squares (upper panel is experimental, lower panel is simulation)
197

 

 

These examples of near-IR and mid-IR absorbers/emitters all show near perfect 

simulation results which match the experimental results quite well.  Typical full 

width half max (FWHM) values are on the order of 1ɛm as seen in Figure 4.14.  

An additional advantage of MM emitters is that devices can be tiled with different 

designs to achieve different emission spectra.  This could mean an emitter 

designed to emit at multiple wavelengths corresponding to the bandgaps in a 
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multijunction cell.  Another example is to design the emissivity of a MM to match 

the external quantum efficiency of gallium antimonide as seen in Figure 4.15.
190

 

 

 

Figure 4.15: Emissivity of MM tiled pattern compared with EQE of GaSb. 
190

 

 

 The problem with all of these devices is temperature stability.  Depending 

on the heat source and device used, temperatures could reach 1000-1500°C or 

higher.  This has been investigated to some extent for photonic crystal devices as 

mentioned previously, although there is still much research to do.  However, very 

little high temperature research has been conducted with MM emitter devices.  

One of the few papers to look at thermal degradation of MM emitters was Wang 

et al.
198

  This work definitively showed that if a metamaterial device is heated 

enough to cause a deformation in the structure of the design the optical response 
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will change as seen in Figure 4.16.  This is to be expected because the response of 

these devices is highly dependent on the different dimensions of the lattice 

structure. 

 

 

Figure 4.16: Absorbance of metamaterial structure before and after heating.
198

 

 

It is the goal of this work to further investigate the performance of MM 

emitters at high temperatures.  Furthermore, this work seeks to develop a highly 

selective MM emitter capable of working at up to 1000°C. 
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4.3 TPV Filters 

Filters in a TPV system are used for spectral control, as discussed 

previously, in order to favorably modify the spectrum of light incident on a TPV 

diode.  By reflecting sub-bandgap photons a portion of that thermal energy can be 

recycled by the emitter and can also prevent some parasitic heating.  By reflecting 

high energy above bandgap photons, thermalization of hot carriers can be 

prevented minimizing further parasitic heating.  As such a band pass filter would 

be ideal, however edge filters are also of benefit.  One might consider filters to be 

unimportant with the advances in selective emitters, however, they can still 

provide a tangible benefit, especially since no emitter is absolutely perfect. 

Pertinent to this work is the front surface filter (FSF); these are simply 

filters which are in contact with the top of the TPV diode, as opposed to resting in 

the cavity of the TPV system.  They may be as simple as an anti-reflection 

coating, or more complex such as photonic crystal arrays.  There are many filters 

which do not employ photonic crystals, such as plasma/interference filters
199,200

, 

however, the filters discussed in this work are based on PhCs so this review will 

be limited to PhC filters.   

A common example is the dielectric filter which can also be called a 1D 

photonic crystal.  These are made up of alternating thin layers of material with 

high and then low indices of refraction.  Lord Rayleigh was the first to investigate 

these periodic multi-layer dielectric stacks in 1887
201

, however, the field of 
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photonic crystals wasnôt really invented until a century later due to the work of 

Yablonovitch and John.
202,203

  The first PhC structures operated in the microwave 

regime, due to the difficulty of fabrication of PhCs at optical frequencies, such as 

the 3D face-centered-cubic PhC structure by Yablonovitch in 1990
204

.  Advances 

in microfabrication enabled optical wavelength PhCs, the first of which was 

introduced by Kruss with a near infrared 2D PhC
205

. 

 An example of a 1D PhC filter can be seen in the Si/SiO2 quarter-wave 

stack photonic crystal from Celanovicôs work
17,206,207

, seen in Figure 4.17.   These 

structure exhibit good reflection properties, reflecting almost all photons between 

1.7 and 3 to 3.5um, however past this the performance drops off.  

 

 

Figure 4.17: Left:  SEM cross section of Si/SiO2 PhC stack  Right:  Reflectance 

of Si/SiO2 stack (top) and Si/SiON stack (bottom).  Not the high reflectance past 

1.7um. 

 

The Si/SiO2 10 layer 1D PhC structure was created using alternating poly-Si 

deposition and low temperature oxide deposition both using LPCVD, followed by 
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a high temperature anneal.
17

  This work also investigated the combination of a 

PhC filter with PhC selective emitter, and through simulation showed significant 

increases in spectral efficiency and system efficiency when using both emitter and 

filter, although there was a slight decrease in power density
17

.  This is promising 

however, since it shows that the combination of selective emitter and filter still 

offers significant benefits compared to only using one spectral control element. 

 Research in PhC filters has shifted towards 2D photonic crystals, although 

they have been geared toward photovoltaic cells, not infrared cells
208ï210

.  A few 

of these designs are shown in Figure 4.18.  These are still relevant since TPV 

diodes are very similar to PV, except for the wavelength of operation. 

 

 

Figure 4.18: Two types of PhC filters for photovoltaic applications.  Left: 

semiconductor lattice with air pillars
209

  Right:  semiconductor pillars in air
208

 

 

In order to determine the effect of these filters, one must not only examine how it 

performs on its own, but its effect on the device it is designed to work with.  Park 
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et al.
210

 show improvements to polymer solar cells using a planarized 2D photonic 

crystal.  Figure 4.19 shows the improvements to current density and EQE of the 

solar cell from this work using photonic crystal filters.  

 

Figure 4.19: Left: 2D PhC pattern Center: current density of PV device with 

and without PhC. Right: EQE of PV device with and without PhC.
210

 

  

Another group of PhC filters have been used to improve responsivity of 

photodetectors.  These leaky mode devices have been created using engineered 

defects in a photonic crystal lattice, such as those seen in Figure 4.20.  These 

irregularities create a resonance, allowing for a narrow band transmission through 

the bandgap of the PhC.  For photodetectors, this results in increased responsivity 

for a narrow band of wavelengths.
211ï214
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Figure 4.20: Engineered defects in a PhC lattice to create a leaky mode
211

 

 

The increased narrow-band responsivity can be seen in Figure 4.21. 

 

Figure 4.21: Increased responsivity due to engineered defects in a PhC lattice.  

The dashed line is the response from an unpatterened reference sample, while 

the solid line is the patterned sample.
212

 

 

These devices have enabled a very high degree of selectivity for photodetection 

applications, however, a wider selection band would be preferable for 
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thermophotovoltaic applications.  This is so that a larger number of photons can 

be absorbed and converted into electricity.  As such, non-defect mode metallic 

photonic crystals will be discussed presently. 

 Non-defect mode PhC devices were also originally developed for 

photodetector applications, especially those operating in the mid- to far-

infrared
215ï223

.  Two examples of these devices can be seen in Figure 4.22. 

  

 

Figure 4.22: Two examples of metallic PhC structures. Left:  hexagonal lattice 

of circular holes
218

.  Right:  Square lattice of square features.
217

 

 

Typical responses of these devices can be seen in Figure 4.23.  Here one can see 

the improvement in photoresponse due to the photonic crystals. 
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Figure 4.23: Responsivity plots for two metallic PhC patterns.  Notice in both 

cases the increased responsivity with the PhC.
215,221

 

  

These works show that these structures have a significant effect on the 

responsivity of photodetectors, and as such show promise towards use with TPVs.  

Currently, only 1D PhC filters have been used with TPV, although 2D PhCs have 

been used for visible wavelength photovoltaic devices.  This work seeks to utilize 

2D photonic crystal front surface filters to improve the performance of TPV 

didoes. 

4.4 Interfacial Misfit Arrays 

Misfits in epitaxial films were first primarily considered by Frank and van 

der Merwe
224,225

.  They showed that misfits smaller than ~7% will be 

compensated by elastic strain until a critical thickness is reached.  They and many 

others investigated this phenomenon of strain and misfit dislocations in epitaxial 

crystals
226

, however it wasnôt until recently that these misfit dislocations were 
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engineered and used for controlled strain mitigation.  Pioneered by the Center for 

High Technology Materials at the University of New Mexico, this method first 

appeared in 2006 by Huang et al.
47

, where gallium antimonide was grown 

epitaxially on gallium arsenide using an interfacial misfit array.  This work 

showed that low defect density GaSb could be grown on GaAs using a periodic 

array of 90° misfit dislocations.  This array can be seen in Figure 4.24. 

 

 

Figure 4.24: Left : Cross sectional TEM image of GaSb on GaAs showing the 

highly periodic array of misfit dislocations at the interface.  Right:  HR-TEM of 

the GaSb/GaAs interface showing a periodic 90° misfit with a 56Å spacing..
47

 

 

This work was later characterized in more detail by transmission electron 

microscopy
227

, structural analysis
228

, and x-ray diffraction
229

. It was quickly 

expanded on, however,  for in the same year, Jallipalli et al. modeled these effects 

for both the GaSb on GaAs system, as well as a AlSb/Si system.
230
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Figure 4.25: Top view of 3D plots of total energy calculated for Left: AlSb/Si 

and Right:  GaSb/GaAs 
230

 

 

The AlSb/Si system was characterized in more depth by Huang et al.
231

  TEM 

images of this interface can be seen in Figure 4.27. 

 

 

Figure 4.26: Cross-sectional TEM images of AlSb grown on 5° miscut Si (001) 

substrate. 
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GaSb quantum-well-based LEDs were constructred using the IMF array method 

to create a ñbuffer freeò device.
232,233

  This device emitted at 1.6ɛm as seen in 

Figure 4.27. 

 

 

Figure 4.27: Room-temperature, cw characteristics of the VLED showing the 

electroluminescence spectrum. 
232

 

 

In addition to LEDs, a number of laser designs have been made using IMF 

arrays.  These include 1.55ɛm GaSb/AlGaSb MQW lasers grown on GaAs
234

, 

1.82ɛm GaInSb/AlGaSb quantum well lasers grown on GaAs
235,236

 (results of 

which can be seen in Figure 4.28), and 2ɛm VECSELs with GaAs/AlGaAs 

DBRs.
237
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Figure 4.28: L-I characteristics of GaInSb/AlGaSb QW lasers.  Inset is the EL 

spectra. 
235

 

 

Other materials that have been researched using the IMF array method include 

GaAs on GaSb
238

 and strain layer superlattices grown on GaAs substrates.
239

  This 

latter material system is very relevant to this work because the designs for LWIR 

TPV harvesters employ SLS materials. 

 So far only devices that emit light have been discussed, however this work 

is focused on TPV which is an absorbing device.  There have been a few papers 

that explores the use of photodiodes using IMF arrays.  Sharma et al. grew SLS 

diodes on GaAs substrates
239

, and Nunna et al. investigated GaInAsSb 

photodiodes grown on GaAs substrates using the IMF technique
240

.  The latter 
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paper shows p-i-n photodiodes grown using IMF to have good crystalline quality.  

The room-temperature responsivity of these devices can be seen in Figure 4.29. 

 

Figure 4.29: Room temperature responsivity curve of a 100ɛm radius wet-etched 

IMF-based GaInAsSb/GaAs photodiode at zero bias (dashed black line) and at   

-0.2V (solid red line). 

 

These were photodiodes for photodetectors, which only collect the 

information in the light that is absorbed, as opposed to TPV devices which collect 

the energy in the light.  Photodetectors can also be biased to increase their 

response, whereas TPV devices cannot. 

This work seeks to show thermophotovoltaic devices grown on highly 

lattice mismatched devices using an interfacial misfit array for strain 

compensation for the first time.  Very little work has been done with absorbing 

devices using IMF arrays, and none on energy harvesting devices as far as the 

author has determined.  Showing this to be possible will be a novel result.  If 
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devices using the IMF method are comparable to strain-free devices grown on 

lattice matched substrates, this will be a potentially transformative achievement 

for epitaxial grown TPV devices. 

This chapter provided a literature review for long wavelength TPV and the 

simulations methods used for it, selective thermal emitters, TPV filters, and 

interfacial misfit arrays.  It is now the goal of this work to use the aforementioned 

works and improve upon them to further the state of the art in their respective 

fields.  The following chapters will enumerate the results obtained in this work in 

the same order as presented in the previous sections. 

  



 

 

137 

 

Chapter 5 : TPV Simulation & Design 

This chapter will first discuss the results of simulation studies which are 

necessary to determine the correct simulation methods to use; then the simulation 

results for SLS materials, simulations results for band alignment, and the design 

of the TPV structures will be presented.  Dark current simulations showing an 

improved dark current density due to a barrier will be shown, as well as 

calculations showing that LWIR TPV is feasible to operate at room temperature. 

5.1 Simulation Studies 

There are two major steps to designing long wavelength TPV cells.  The 

first step is to determine the materials to be used and second is to determine the 

band-structure of the device.  For the former, simulations are performed to 

determine the energy levels of InAs/GaSb strained-layer superlattice materials to 

serve the purpose of a p-type absorbing layer, barrier layer, and an n-type contact 

layer.  The energy levels of these SLS materials are simulated to obtain the 

desired absorption wavelength for the absorbing material, and to design a material 

with a larger bandgap to act as the barrier layer yet still match the conduction 

band energy level of the adjacent materials.  Once the SLS materials have been 

determined, band-structure simulations are performed to ensure a smooth 

transition in the conduction band, and a barrier in the valence band. 
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Ensuring accurate simulations of the SLS material is of utmost 

importance.  If the simulated bandgap is incorrect by as little as 30 meV, the cut-

off wavelength may be offset by up to several microns, resulting in non-functional 

devices.  As such studies were performed to find the most accurate simulation 

method to match the physical growths performed at Fraunhofer IAF. 

A number of simulation methods were surveyed including the k·p (ñk dot 

pò) method, the Bastard model
114,241,242

, and the empirical pseudopotential model 

(EPM), shown in Figure 5.1.  These models yield relatively similar results, 

however the EPM and k·p methods were chosen for further investigation.  This 

was based on the overlaid physical data which matched the EPM and k·p most 

closely. 

 

Figure 5.1: Survey of different SLS simulation methods  
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An implementation of the k·p method was written in Mathematica with both a 4 

and 8 band version.  The GaSb layer was held constant at 7 and 10 monolayers, 

while the InAs layer was varied from 12-15 monolayers.  This can be seen in 

Figure 5.2.  

  

Figure 5.2: k.p method simulation for InAs/GaSb strained layer superlattices. 

 

Simulation software for the superlattice empirical pseudopotential method was 

written in collaboration with Fraunhofer IAF in the software package 

Mathematica.  It is based on the work originally developed by  Dente and Tilton 

108,109,123
.  The band offset between InAs and GaSb is required for this method. As 

such, the difference between the conduction band edge of strained InAs and the 

valence band edge of GaSb was determined to be -151meV. 
245
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  Figure 5.3 portrays the results of this simulation graphically, plotting the 

calculated bandgap of the SLS material versus the measured bandgap of grown 

samples.  The bandgap was measured using photoluminescence. Table 5.1 shows 

the details of each sample simulated and fabricated for the SEPM comparison.  It 

details the thickness of each of the layers, both the expected thickness based on 

MBE shutter times as well as determined by high resolution x-ray diffraction 

(HRXRD), the relative lattice mismatch, and PL peak energy at 10K. 

 

 

Figure 5.3: ñCalculated bandgap energy at 77 K compared to the measured 

photoluminescence peak at 10 K for the set of ten superlattice samples described 

in Table I with the inset showing the busy region enlarged.ò 
245
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SL 

Sample 

InAs 

Thickness 

(nm) 

GaSb 

Thickness 

(nm) 

Interface 

Thickness

(nm) 

Calculated 

Period 

Length 

(nm) 

HRXRD 

Period 

Length 

(nm) 

Relative 

Lattice 

Mismatch 

(Ā ) 

PL Peak 

Energy 

at 10K 

(meV) 

1 4.06 3.10 0.45 8.06 8.02 1.4±0.3 151 

2 4.69 3.10 0.45 8.69 8.65 0.5±0.3 120 

3 4.38 2.79 0.45 8.07 8.08 1.1±0.3 135 

4 4.38 3.41 0.45 8.69 8.70 0.5±0.3 135 

5 3.86 2.14 0.30 6.60 6.68 -0.7±0.2 160 

6 4.38 2.14 0.37 7.26 7.38 -0.3±0.2 126 

7 4.38 3.10 0.45 8.38 8.35 0.2±0.1 138 

8 4.43 3.10 0.45 8.43 8.44 0.0±0.2 134 

9 2.75 2.79 0.26 6.06 6.06 -1.74±0.05 256 

10 2.29 2.79 0.22 5.52 5.55 -1.43±0.05 298 

 

Table 5.1: ñIndividual layer thicknesses calculated from the shutter times and 

calibrated growth rates, thickness of one SL period as measured by HRXRD, 

relative lattice mismatch and photoluminescence peak energy at 10 K of the 

grown InAs/GaSb SLs. For strain compensation the SLs were grown with mixed 

interfaces at both heterointerfaces.ò 
245

 

 

 

5.2 SLS simulation results 

The SEPM method was chosen as the preferred simulation method due to 

its superior accuracy when estimating the energy levels of the grown superlattices.  

The simulation outputs the four energy levels around the bandgap, two conduction 

band energy levels, and two valence band levels (heavy hole and light hole 

bands).  The output of the simulation is shown in Figure 5.4.  The difference 
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between the lower-energy conduction band (CB1) and the higher-energy valence 

band (HH1) at the ũ point is the bandgap, located at kz = 0 in Figure 5.4. 

 

 

Figure 5.4: E-k diagram for an InAs/GaSb superlattice 

 

Instead of plotting the complete E-k diagram for each variation of the 

superlattice, the simulation was looped to calculate the energy levels at the 

gamma point for every superlattice formed by InAs and GaSb when varied 

between 1 to 20 monolayers (ML) for each material with a step size of 0.5 ML.  

This data was then plotted in Figure 5.5.  This figure shows the InAs/GaSb SL 

bandgap (CB1-HH1) at the gamma point as light black lines running from the top 

to bottom with the color gradient for emphasis.  The dark black lines are lines of 
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constant conduction band level.  As mentioned above, this plot was obtained by 

implementing the SEPM including spin-orbit interaction and is dependent on the 

thickness of the InAs and GaSb layers within the superlattice. The interface layers 

included in fabricated devices for strain compensation were not explicitly taken 

into account in the SEPM calculations.  This is justified due to the type-I band 

alignment between InSb and GaSb and the minor influence of the GaSb layer 

width on the SL bandgap for most compositions.
245

 

 

Figure 5.5: Contour plot of the InAs/GaSb superlattice bandgap at the ũ-

point versus superlattice composition in monolayers of both constituent 

materials for a temperature of 77 K. after 
245
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From this plot, proper absorber and barrier materials can be found by choosing a 

narrow bandgap absorber at the energy level of interest and then following the 

nearest bold black line of constant conduction band level towards a wider 

bandgap material to act as a barrier.  This process is depicted in Figure 5.6 

through Figure 5.9. 

 
Figure 5.6: Process of choosing materials with the proper energy levels to act as 

absorber and barrier materials within a device. 

 

Figure 5.7 depicts the band alignment of the individual materials chosen and the 

resulting bandstructure when they are brought together.  If the parameters of the 

barrier material are even slightly adjusted as shown in Figure 5.8, it will result in 

undesired barriers in the conduction band as shown in Figure 5.9. 



 

 

145 

 

 
Figure 5.7: Band diagrams showing the absorber and introduction of a barrier 

layer 

 
Figure 5.8: Changing the parameters of the barrier even slightly can introduce a 

barrier as seen in  
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Figure 5.9: Band diagrams showing that adjusting the parameters of the barrier 

material even slightly as shown in Figure 5.8 results in undesired barriers in the 

conduction band. 

 

Once the material compositions have been chosen, one can go back to the 

spreadsheet of data to find the exact values for the energy levels, which will then 

be used to simulate the band-alignment of the device to ensure a high enough 

barrier, while maintaining a smooth conduction band transition.  
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5.3 TPV Designs and band alignment results 

Two sets of samples were designed and fabricated through collaboration 

with the Center for High Technology Materials at the University of New Mexico.  

These samples were for 7ɛm and 8ɛm cutoff wavelengths.  Through collaboration 

with Fraunhofer IAF, samples with 9, 9.6, and 10ɛm cutoff wavelengths were 

designed and the 10ɛm sample along with a control and variations in band 

alignment were fabricated.  The designs for the 7-10ɛm samples along with the 

band alignment simulation will be presented in this section.  The band alignment 

simulations were performed with custom written software in Mathematica, as well 

as the software package Sentaurus by Synopsys. 

The designs follow the structure shown in Figure 5.10.  The resistive and 

isolation layers serve the purpose of enabling monolithic (or multiple) integrated 

modules (MIMS) to be fabricated on a device.  MIMS allow multiple modules to 

be wired in series to boost the voltage and are especially important for long 

wavelength TPV cells due to the narrow bandgaps used and thus inherently low 

output voltage. 
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Figure 5.10: Structure for long wavelength TPV designs 

 

A rough depiction of the desired full device bandstructure can be seen in Figure 

5.11. 

 

 

Figure 5.11: Depiction of entire LW TPV device bandstructure. 
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 7ɛm TPV cell design 5.3.1

Using the output from the SEPM simulations, the specific superlattice 

materials were chosen as shown in Figure 5.12 and Figure 5.13 for a TPV cell 

with planned cutoff wavelength of 7ɛm. 

 

 

Figure 5.12: Material data for the superlattice structures designed for the 7ɛm 

TPV cell  

 

 

Figure 5.13: Graphical representation of the superlattice structures used in the 

7ɛm TPV cell. 

 

Although the materials were chosen to allow a smooth transition in the conduction 

band, band alignment simulations were also performed to ensure and visualize the 

conduction band offset as well as the valence band barrier height.  A custom made 

Mathematica simulation was used as shown in Figure 5.14 showing the p-type 
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absorber and n-type barrier layers.  A band alignment simulation was also 

performed in Sentaurus as seen in Figure 5.15.  This simulation shows from left to 

right: the GaSb contact, p, B, and n layers.  When designing the barriers, the 3kT 

rule of thumb was used, meaning the barrier height should be greater than or 

equal to three times the value of temperature times the boltzman constant.  At 

room temperature this value is 75.8meV.  Both simulation methods show a 

smooth conduction band transition, and are in general agreement for the barrier 

height, which should roughly be the difference between the bandgaps of the two 

materials used.  Both the Mathematica and Sentaurus simulation yielded a barrier 

height of approximately 80meV. 

 

 

Figure 5.14: Band alignment of the 7ɛm TPV cell using custom Mathematica 

software 
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Figure 5.15: Band alignment of the 7ɛm TPV cell using Sentaurus by Synopsys.  

This simulation shows from left to right: the GaSb contact, p, B, and n layers. 

 

 8ɛm TPV cell design 5.3.2

Using the output from the SEPM simulations, the specific superlattice 

materials were chosen as shown in Figure 5.16 and Figure 5.17 for a TPV cell 

with planned cutoff wavelength of 8ɛm. 
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Figure 5.16: Material data for the superlattice structures designed for the 8ɛm 

TPV cell 

 

 

Figure 5.17. Graphical representation of the superlattice structures used in the 

8ɛm TPV cell. 

 

The band alignment simulation results for the 8ɛm TPV cell are shown in Figure 

5.18 and Figure 5.19.  Both simulation methods show a smooth conduction band 

transition, and are in agreement for the barrier height of approximately 150meV. 

 

 

Figure 5.18: Band alignment of the 8ɛm TPV cell using custom Mathematica 

software 



 

 

153 

 

 

Figure 5.19: Band alignment of the 8ɛm TPV cell using Sentaurus by Synopsys.  

This simulation shows from left to right: the GaSb contact, p, B, and n layers. 

 

 9ɛm TPV cell design 5.3.3

Using the output from the SEPM simulations, the specific superlattice 

materials were chosen as shown in Figure 5.20 and Figure 5.21 for a TPV cell 

with planned cutoff wavelength of 9ɛm. 

 

 

Figure 5.20: Material data for the superlattice structures designed for the 9ɛm 

TPV cell 
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Figure 5.21: Graphical representation of the superlattice structures used in the 

9ɛm TPV cell. 

 

The band alignment simulation results for the 9ɛm TPV cell are shown in Figure 

5.22 and Figure 5.23.  Both simulation methods show a smooth conduction band 

transition, and are in agreement for the barrier height of approximately 150meV. 

 

 

Figure 5.22: Band alignment of the 9ɛm TPV cell using custom Mathematica 

software 



 

 

155 

 

 

Figure 5.23: Band alignment of the 9ɛm TPV cell using Sentaurus by Synopsys.  

This simulation shows from left to right: the GaSb contact, p, B, and n layers. 

 

 9.6ɛm TPV cell design 5.3.4

Using the output from the SEPM simulations, the specific superlattice 

materials were chosen as shown in Figure 5.24 for a TPV cell with planned cutoff 

wavelength of 9.6ɛm. 
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Figure 5.24: Material data for the superlattice structures designed for the 9.6ɛm 

TPV cell 

 

The doping for this design consisted of 1×10
15

 p-type for the absorber, 5×10
15

 n-

type for the barrier, and 1×10
16

 n-type for the n side contact layer.  The band 

alignment simulation results for the 9.6ɛm TPV cell are shown in Figure 5.25 

showing a barrier of approximately 75meV. 

 

Figure 5.25: Band alignment of the 9.6ɛm TPV cell using Sentaurus by 

Synopsys.  This simulation shows from left to right: the p, B, and n layers. 
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 10ɛm TPV cell design 5.3.5

Using the output from the SEPM simulations, the specific superlattice 

materials were chosen as shown in Figure 5.26 for a TPV cell with planned cutoff 

wavelength of 10ɛm. 

 

 

Figure 5.26: Material data for the superlattice structures designed for the 10ɛm 

TPV cell 

 

The doping for this design consisted of 1×10
17

 p-type for the absorber, 1×10
17

 n-

type for the barrier, and 1×10
17

 n-type for the n side contact layer.  The band 

alignment simulation results for the 9.6ɛm TPV cell are shown in Figure 5.25 

showing a barrier of approximately 75meV. 
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Figure 5.27: Band alignment of the 10ɛm TPV cell using Sentaurus by 

Synopsys.  This simulation shows from left to right: the p, B, and n layers. 

 

 

5.4 Dark Current Sims 

Dark current simulations were performed for an abrupt heterojunction 

compared to a smooth homojunction to mimic the behavior of a barrier inserted in 

a diode.  The results show that the addition of a barrier does in fact decrease the 

dark current of the device.  This is beneficial because reducing the dark current 

improves photovoltaic efficiency.  This is evident in Equation 5.1 which states 

that the output current of a device, J (V), is the difference between the light-

generated current Jsc, and the diode dark current. 
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*6 * ὐ

ήὠ

ὯὝ
ρ Equation 5.1 

 

 The simulations were performed using in-house software to account for 

diffusion current and generation-recombination current as detailed in section 

3.5.5.  Figure 5.28 shows the simulation parameters and band alignment for the 

dark current simulations.  The results of these are then plotted on the same graph 

which shows that the abrupt heterojunction case has lower dark current.  The 

doping in the simulations was then modified so that the barrier more fully 

occupies the space-charge region (SCR). 

 

 

 

Figure 5.28: Simulation parameters and space-charge region (SCR) region for 

Left : homojunction case and Right: heterojunction case. 
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Figure 5.29: Dark current simulation results for doping levels shown in Figure 

5.28. 

 

 

Figure 5.30: Band alignment simulations showing the N-part barrier occupying 

more of the SCR. 

 

 

 
























































































































































































































































