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Abstract

Thermophotovoltaics is an energy harvesting technology where infrared
light, commonly experiencedas heat,is convertedinto electricity using the
photovoltaic effect The three major components of a TPV device are a thermal
emitter, filter, andphotadiode. This work seeks tamprove upon this technology
by addressing each of these indival components The emitter is improved
upon by using novel metamatedand 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 addressedsbygyphotonic crystals to
create a tunabldront-side filter, which shows good selectivity and light trapping
abilities The photaliode is explored twofold First by using rovel device
designs including strainddyer typell superlattices and unipoldrarrier diodes
this works shows that extendng the operational wavelength of
thermophotovoltaigis feasible, opening ua new range of applicationslhis is
accomplishedprimarily through simulation of longvavelength TPV devices.
Secondly,interfacial misfit arrays have been investigated towards the goal of
replacinggallium antimonide as the requisite substrate with cheaper, although
lattice mismatchedhaterials. By improvingthe subcomponents of a TPV device
individually, this work enables greateregtice and system efficiencies apdves

the way for a myriad of TPV devices and applications.
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Nanostructures and Metaphotonics for

Thermophotovoltaic Generation of Electricity.



Chapterl:l nt roducti on

Energy is paramount to opresentway of life. It is necessary for heating,
cooling, sanitation, clean water, food productioefrigeration,and essentially
everything that we need to survive with a modicum of comfort. It also provides
for all that gos above and beyond survival, enablinguality of life never before
seenin human history The presentmodality of energy generatiprihowever,
leads to pollution, climate change, and has little system redundancy. If we are to
continue oumpresentifestyle and increase the quality of life for much of the rest
of the world our methods of generating energy madvance in kind We need
solutions that dondét rely on finite resour
we need cleaner, sustainable solusiobut 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 aheatto-electricity conversion technology thiahspromisein
wasteheat recoverywhere itcan make current energy intensive processes more
efficient and enablesecondary generation of electricityTPV has incredible
potential due to its ability to use almost any source of heat as a potential source of
eledricity. These sources can vary widely, ranging from conventional fossil fuels
to nuclear reactions, from radisotope decay to industriiasteheat, from the

sun to the human body to whatever feasible source of heat one can think of. The



myriad of posible sources of energy for this technology makes it an ideal
candidate for both largeand smallscale distributed generation and as such is
poised to help solve the energy problems facing our society today.

Wasteheat harvesting is an especially attractive candidate application for
TPV. Even with the current focus on renewable energgsteheat and
transmission losses account for approximately 57% of all of the energy generated
in the US in 201band therefore wasteheat recovery has a huge (gmesently
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 toriiion homes based on statistics
from the Environmental Protection Agency and Energy Information
Administratiorf.

Although almost any source of heat can theoretically be used by TPV,
preently only high temperat@ 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 vialdor lower temperature heat sources
and therefore be useful for a much wider range of applicatioAsiother goal of
this work is touse nanostructures to not only improv#fedlent aspects oPV
devices, but to integrate these improvements towardsased system and device

performance. Additionally, preent methods of producing thermophotovoltaic



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 compents 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.



Chapter2:Background

The goal of the work discussed in this thesis is the improvement of
thermophotovoltaic energy harvesters. Theresaweralspecific areas addressed,;
the first is extending the operational range of TPV further into the infrared, so that
lower temperaturbeat sources may be usetinotheris the creation of TPV cells
on highly lattice mismatched substratésr versatility and potential cost
reductions. This work also seeks to developetamaterial emittershat will
enable higher performing selective emttas well as photonic crystal filterto
act as a front side filteto improve the matching of the incident spectrum and
photovoltaic diode Through improving the individual components of a TPV
device, we seek tocrease system efficiencies throughté&espectral matching
between the emitterfilter, and photovoltaic diodeTo better understand the
results obtained and progress made, this chapter includes background material on

these distinct, although related, topics.

2.1 Semiconductors and Light

Thermoghotovoltaics converts infrared radiation (another term for radiated
heat) into electricity. Infrared radiation ispertion of electromagnetic (EM)
radiation similar to visible light, only it lies just outside of our range of vision.

Like all EM radiatian, it has an electric field and a magnetic field and contains



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.
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Figure2.1: Electromagnetic Spectruin

TPV converts infrared radiation into electricity vihe photovoltaic
effect’ 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 energyest This creates free
electron and hole pairgachacing as charge carriers, as can be seeRigure
2.2. An electron starts in the valance energy band, atil twe added energy
from the photon, is able to move into the conduction béaind first partially
empty band in a semiconductoThe 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 carrierand holes, which are electron vacancies in the valance



band, can be thought of as positive charge carriers. Thus with these eed&on
pairs, chage 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 asdg& As shown inFigure 2.2a, the bandgap is the difference
between E (energy level at the bottom of the conduction band) andekergy
level at the top of the valence band). The bandgap is thardeteg factor in
what wavelengths of light are able to be absorbed and create electeopairs.

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 longge gt

of light that can be absorbed. No electrons can normally exist in this region, so
for a photon to create an electrbale pair, it must have energy greater than that

of the bandgap.



Electron energy. E

Er—'_,:
. E: K'n.-— -
= 'Eg Free e~
Hole ™
E.. =
0
(a) (b)

Figure2.2: (a) A photon with energy greater thag &an excite an electron from
the VB to the CB. (b) Each line betweenSsiatoms is a valence electron in a
bond. When a photon breaks aS$ibond, a free electron and a hole in th&Bi
bond is created®

There are twdlifferent types of bandgaps, direct and indireét direct
bandgap transition occurs when thedctors (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, shown irFigure2.3b. In a direct transition,
no energy is lost to the crystal lattice. A material with an indirect bandgap,
however, loses some of the absorbemergy because the-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 rectdi

bandgap, such as gallium arsenide (GaAs), are more desirable for optoelectronic



applications than indirect bandgap materials, such as silicon or germanium,

because less energy is lost to parasitic heat sources.
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Figure 2.3: fEnergy band structures ofa)( Si, which is an indireetjap
semiconductor, and) GaAs, whichisadireyap semi cconductor . o

The basic structure for thermophotovoltaic (TPV) cells israjpnction
semiconductor diode. Intrinsic semiconductors, which are ideally pure crystals,
have an oagpied 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 energyhus increasing the conductivity.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?>16 10" dopant

atoms / crf, while the bulk material has about®i@toms/cri. Dopant atoms



which donate electrons are calledype, while dopants which accept elecspn
generating holg are called gype. These designations indicate which charge
carrier (holes or electrons) acts as the majority carrier in the materiattygep
semiconductor will have holes as the majority carrier, while atype
semiconductor will have electrons as the majorityriea. A p-n junction is the
interface where a-p/pe semiconductor meets artype semiconductor. This
junction creates a depletion region (a region depleted of majority carriers) which
helps to keep electrons on thetype side and holes on thetype 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 ed 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 abdser 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 spieum radiated by a blackbody is given by

Pl anckos | a wEquatoe 21r whicm 3 a tfuaction of absolute

temperature, T, and wavelength, a:
A 1R c/\CEO&Z)&lﬁ
! 9 Equation2.1
1 A39 p
where h is Planckbés constant, k is boltzma

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

Boltzmann Law:

IR A h Equation2.2

Where A is the surface ardais the emissivity of the body and is equal to
b | a c k b-loolizgnann donstarg, and i & terSperatiitee n

determined by Wi enbs di

1 for a

peak wavelength 1is
| 2‘ Equation2.3
where b is Wienés displacementmKdonstant,

Blackbody radiatorare an idealization ands such there ameo perfect
blackbodiesin real life however certain materials come close, such as carbon
black, plathum black, gold black, and silicon carbfieA common laboratory

blackbody radiator is a cavity blackbog, which areconstruced with highly
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emissive material insida cavity with a small opening. Thusny radiation that
enters the holes essentially trapped, or if the cavity is heated whatever radiation

that escapes the aperture will behave like a blackbody.
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2.2 TPV Components and Structure

A TPV generator primarily consists tifiree major parts: an emitter, a
filter, and the TPV cell itself as shownkigure2.5. The emitter and filter enable
spectral control for the system, where the gndrom the heat source is modified
and optimized for the TPV calir viceversa Emitters and filters have undergone
much research and constitute gighds of their own. The emitter absorbs energy

from the heat source and-eeits it at wavelengths mefavorable for absorption

12



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 spectrablcomr

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 diodeack to the emitter in a process called photon recycling
The photovoltaic cells are typicallympjunction diodes which were described in
the previous sectionSome of thisvork, however, explores modifiedrpjunction

device structures which employ barriers to block recombination pathways.

Load

Heat Source

Figure2.5: General components of a TPV system. A heat source radiates onto
an emitter which absorbs the energy andadiates it towards the TPV cell. An
optional filter can be used to further restrict the wavelengghshing the TPV

cell, which is the actual energy conversion device. The spectral control
providged by an emitter and filter act to improve theocifficy of the TPV cell
itself.
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2.2.1 Emitter

The emitter, also sometimes called a radiaterves the purpose of
absorbingthermal energyfrom the heat sourcévia conduction, convection, or
radiation)and thenradiatingit only at certain desired frequencies that the TPV
cell can efficiently convert into electricity. There are two general tgpesitter
technology: broad spectrum and selective emitters. Most broad spectrum emitters
are made out of materiatsich assilicon carbide and radiate over a wide area of

wavelengths as shown by the top lind=igure2.6.

BROADBAND
RADIATOR

—BANDGAP

SPECTRAL RADIATED POWER (a.u.)

\l SELECTIVE
WMTOR
WAVELENGTH

Figure2.6: Depiction of broadband vs. selective emitfer

Selective emitters, however, only radiate over a small portion of the
electromagnetic spectrum, as shown by the lower lifflegare2.6. This allows
for TPV cells to be tailemade to absorb only the wavelengths emitted by these

emitters in order to maximize efficiency. Selective emitters are typically made
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from rareearthceramicoxides. The elements used include several lanthanides:

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

in Figure 2.7. Emittersin traditional TPV are usually heated to 162000 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 degradatioxidation, NQ generation, and increased

cooling requirements of the céfi.
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Figure 2.7: Normalized emittance vs. wavelength for four different selective
emitters 2

Selectiveemitters have been studiedn the assumption that emitting narrow
bands of wavelengths would be more efficient thasroad spectrum emissibh.
These selective emitters would ideally provide the right amount of energy to
excite an elecan into the conduction band and no more, thus minimizing energy

lost to heat. Broadband radiatsy like silicon carbidestill serve an important
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function, for when usedavith semiconductors capable of handling the broader
spectrum, like IHV materials, they can potentially provide higher current
densities, although often with a tradeoff of lower efficienci€snitter research
encompasses a significant portion of TPV research and there are many other
emitters being studied, both selective and broad bdikd. a Some of these
include garnets (yttriuraluminum garnet, gadolinikgallium garnet, etc),
spinal, zirconia, tungsten with an antireflection coating, and many SthEfs.
Developments in the past few years have led to new possibilities for further
devebpment 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 tiadoring of their emission and absorption
properties thus allowing for more effective engineering of emitfél& An
example of a photonic crystal emitter is showrrigure 2.8; noticethe precisely

engineered material and the very selective absorptance.
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2.2.2 Filter

Filters serve the purpose of spectral control in order to minimize parasitic
photon absorptigrthe spectral filterseflect photons which will not contribute to
electrical generation. Idegllthese 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
increasedoy only allowing photons witlkenegy greater than the bandgapthe
TPV cell while reflecting thether wavelengths badk the emitter so they can be

recycled.
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Figure 2.9: The quartz spectral filter on the right shows photon rejeciimh
acceptance. |If the photon has lelsant the desired energy, or bagag, it is
reflected off the quartz shield and back to the radiator. Efom

There are several types of filters which are of use in thermophotovoltaics.
These include dielectric interference filters, plasma filters, and resonant array
filters 2% 23 An interference filter is made up of multiple layers of thin dielectrics
that have dferent indices of refractioff. Interference is whenlgne waves
interact and depending on if they are in or out oapb,increase or decreashe
electromagnetic field; this is the property utilized by interference filters to limit
the band of radiation incident upon a TPV £elPlasma filters are made out of
conductors and semiconductors and have et and imaginary indices of
refraction. Plasma filters benefit from simplicity and a large reflectdhce.
Resonant array filters are made from a periodic distribution of sipatturesn a

highly reflective material. The spacing ofethopenings is less than the
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wavelength of the incident ligfit. An example of this type of filter is a metallic
mesh with aritical thickness smaller than that of the incident wavelengths.

The performance of a filter is generally meadguby its transmittance,
reflectance, and absmince? 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 directiorbsdbanceis 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 refleasoshownn Figure2.9, or

use more complex materials such as those in tandem filters.
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. M 80 — .
dge Pass Fillter Stack = 70— O Tandem
— r = + | Edge Pass Filter
E\;imxiall)' Grown Layer ) 'ul\l:llrer
N . N
Substrate R ! LA JVoA e
- . R R S I.' Vo 1} A |
;—‘m\—Reﬂecnon Coatings v u |/ ‘\_\jf
Useful {7 \ Glue 20— ‘< Epitaxially Grown
1-2 pm) p - — 10— Layer
( M At eflection C oatings L | | |
— o 5 10 15
TPV Diode Wavelength (um)

Figure 2.10: Front Surface, Tandem Filter for TPV Spectral Conffdle 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
repregfnting the performance of the components functioning on their own.
From

The tandem filteinvestigated by Fourspring et#lincorporates an edge
pass filter with an epitaxially grown layer. The edge pass filter us&eSis the

high index of refraction material and Y&s the lav index of refraction materiaf
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Filters pass most of the usable photons through to the diode. These are the
photons withenergies greater thahe bandap of the TPV cell. The filters also
reflect the unusable photons with energies less thatdahdgap Figure 2.10

shows the structure of the aforementioned tandem filter; the graph shows the
reflectance of the filter from O to 15 micron84ost photons with a wavelength
greater than about 2.5 or 3 microns are reflecfEldese are the photons that do

not have enouglenergy to excite an electron into the conduction band and

therefore would only contribute to heating losses.

2.3 Long Wavelength Thermophotovoltaic Cells

2.3.1 Motivation

Preently, TPVs can efficiently harvest eleatity from heat sources as
low as ~1000°C. There are, however, many sources of thermal eaergy
temperatures lower than thsr 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 ktoperating at room temperature would open a
wide array of new applicationsA graphic of several heat sources and associated
TPV technologies required for harvesting at those temperatures can be found in

Figure2.11.
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Figure2.11: Wavelengths and heat sources for potential TPV applications

In order to achieve this goal of harvesting long wavelength operation,
manytechniques have been borrowed from the infrared photodetector community,
where they encounter many of the same problems. niche differencebetween
the two fields is thathey are interested in the information from the light, whereas
we want the energyrém the light. The two main design choices made to enable
these devices to work in the far infrared are the use of strlged superlattice

and unipolar barriers.

2.3.2 Typell Strainedlayer Superlattices

A superlattice is a nanostructured material conedrisf a periodic array
of alternating materia)gypically with layer thicknesses on the order of several
nanometers. First proposed by Esaki and F3un 1970, they are similar to
multiple quantum well structures (MQW) except that the barriers of the quantum
wells are thin enougthat tunneling occ causing the wavefunctions to overlap.

Thusthe 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 Asuper t ihespasing of the naguearatomidlattice structure.

N
Minigap
St \H\H\H\ e 1]

Ill”

(@ (®) (0

Figure 2.120 Energyband diagrams of MQWand superlattice structures
fabricated from alternating layers of materialshndlifferent bandgaps, such as
AlGaAs and GaAs. (a) Unbiased MQW structure. (b) Biased MQW structure.
(c) Biased superlattice structure with mini bands and miniyap.

The miniband structure depends on the type adrbjinction formed by
the two materials.There are several different types of heterojunctions, which are
depicted inFigure 2.13. A typel heterojunction is called a straddling gapd
occurs when the bandgap of one material lies completely within the energy levels
of the other. There are two flavors diype-1l heterojunctions. When the valence
band of one material falls within theandgapenergy level of the other material,
this is called dype-1l staggered heterojunction as seeffrigure2.130. When the
bandgap of one material falls completely outside the bandgap of the other so that
there is no overlap, as seerFigure2.13c it is called atype-ll misaligned gap, or
atype-lll broken gap heterojunction. iteraturerefers to the same structure both
ways. When specifically describing superlattices, another nomenclature is

sometimes used. If the extrema of the conduction afehwe bands are in the
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same layer of the superlattice, then it is referred ty@esl. Alternatively, if the
extrema are in different layers the superlatticeype-Il. GaSb andnAs, two of
the materialsinvestigated in this workform a type-ll misaligned heterojunction.
The superlattice formed by these materih&sits conduction and valence band
on different physical layerghus satisfying théype-1l condition for superlattice

nomenclature as well. As such, wewill refer to this materialas a typdl

superlattice.
Type | (straddling) Type |l (staggered) Typell .(I_n;:::llll?ned) or

Ecl — Ecl —— Ea

ECZ Evl —

Evz e Ec —
Ev]_ Evl

Ev2
Ev2
a b c

Figure2.13: Heterojunction band alignments showing tipstraddling), ty-II
(staggered), and typé misaligned also called type I(broken gap). The blue
lines represent the conduction band, labelgddE conduction band level of the
first material in the heterojunction, and,Eor the second material. The red
lines represent the valence band energy level, labgleahB E, accordingly.

The InAs/GaSb superlattice systewas first introduced by Saialasz,
Tsu, and Esaki in 1977and proposed for use in infrared detection in 1987 by
Smith and Mailhodt. One of the advantages of this material system is the range
ofeffective bandgaps attainabl e; it can
3 0 £ngiving engineers gredlexibility when designing deviceslt is largely

due to the potential for INnAs/GaSb superlattices to outparfoercurycadmium
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telluride (MCT) infrared photodetectors that so much progress has been made.
The InAs/GaSb materia a strained layer superlatti(6LS) This refers to the

fact that InAs and GaSb are slightly lattice mismatche&trainedlayer
supelattices withmaterialmismatches of up to almost 7 percent can be grown
without the generation of misfit dislocations if the layers are kept sufficiently
thin®. 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 SLS0s made out of ternar
constant can be varieddependently. Additionally, layer strain can cause a
splitting of the k=0 valence band degenerasyshown inFigure 2.14%° This
splitting between the hewhole and lighthole valence subbands contributes to

the redudon of Auger recombirtzon.*

,.:' . \Q_'\ mJ=13f2
|
RN
’ m,=%1/2

Figure 2.14: Change in valence band due to strain in a straimget
superlatticé’
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Due to the particular band alignment of this superlattive,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 recombiffafidre 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
I11-V based growt and fabrication process&&?*® Thermophotovoltaic devices
using this material system are expected to perform walltdits success with

infrared photodetectors.
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Figure 2.15 Schematic band structure of a broken gap -typmAs/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.gHs thebandgapof InAs, Es; is the bandgap of GaSb,
and Es; is the effective bandgap formed frohetminibands?

25



2.3.3 Unipolar Barriers

In photovoltaic devices, the farther into thdéramed 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 aedombinatiorrates, especigl due to
SchockleyReedHall (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 devidee barrier
design was madeto help mitigate these effects. Mas first used for
photodetector, and showedconsiderable succé8s® We choose to use it,
however,with photovoltaics inorder to suppress recombination pathways. We
propose usin@ p-B-n structure where a batrrier is placed in the depletion region
of a pn junction. To be effective, the barrier should be only in one hatfdthe
other band having a smooth transition. sTiork focused on using a valence
band barrier with a smooth transition in the conduction band.

The barrier layer should have the most bentsiibugh reduction oSRH
recombination which take placén the depletionregion of a pn junction due to
mid-level trap states causingeneratiorrecombination centet§  SRH
recombination caibe reducedby increasing the bandgamd decreasing the size
of the depletion regignthe barrier layer reduces the recombination tiuéts
higher bandgap substituting for smaller bandgap natierithe depletion region.

This presents an engineering tradebffywever,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
cariers is within one diffusion length of it. Since the recombination rate
increases greatlwith longer wavelength devices, it was deemed more important

to use a barrier.

2.4 Metamaterials

2.4.1 Motivation

The emitter stage in a TPV device is t@mponenthat gathers the energy
from the heat source amddiatesit towards the diode. This componetables
systens to utilize a multitude of different sourcedpr it can be heated via
radiation or conductigrand 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 thedemstdehowever, photonic crystals
have showed promiswards this end as discussed in Secahl however
metamaterials offer another route to creating high temperature, highly selective
emitters. They offer a newnique 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 @uantum efficiency of the TPV

devices in question.
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2.4.2 \What are Metamatellis?

Metamaterials are any material that has artificially engineered optical
properties, specifically permeability and permittivitlhMetamaterials were first
theorized in the late B®s by Russian scientist Victor VeseldfoHe envisioned
a material with which light would behave in counterintuitive wagfsese
materials would have a negative index of r
handedo mAlthoagh iVesklago theorized these materials, he never
discovered one, as they have not been found to occur naturally; however, once
researchers el i zed that the materials didnot hav
could be engineered, negative index of refraction materials were finally created by
Smith et al. in 1998 and since have garnered an explosion of interest.

All materials can be described by their permeability and permittivity as
depicted inFigure2.16. The focus of most metamaterials is on the third quadrant,

where both epsilon and mu are negative.
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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 refraagtio Some of these effects are demonstrated

Figure2.17 andFigure2.18.

Figure2.17: ifa) Doppl e-dhanded dulestarice; b) Doppler effecyim t
a lefthanded substance. The letter A represents the source of theorgdiati
letter Bther e cefver . o
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Due to the fact that the wave vector, k, and phase velocity point in the same
direction as can be seenkigure2.17, it is clear that lethanded materials have a
negative group velocity; it follows that the phase velocity is opposite to the

energy flux.

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 {eft
handed; 4 refracted ray if thesecond medim is righthanded®

The reversal of the property of refraction can be seeRignre 2.18,
which shows thatdith lefthanded and rightanded media reflect light the same,
however light refractedrém lefthanded media, line, 3s on the opposite side of
the vertical axis when cqgpared to line 4, which is the direction that light is
refracted inarighhanded materi al . This predicates
Law from that ofEquation2.4 to that ofEquation2.5, wherer| andr, are the

rightnesses of the first and second m&dia

O
py)

—_— Equation2.4

@]
a8
—_
°
A
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n :
- n—< =S Equation2.5

These effects come straight from Maxwe
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 Zhartg.

The dielectric constanwhichisal so cel |l ed el ectric pern
magnetic permeability, €, are fundament al
electromagnetic waves propagate in mattefhe refractive index can be

determined by¥quation2.6.

& -zt Equation2.6

The frequency dependent permittivity and permeability can be determined from

Equation2.7 andEquation2.8 respectivel§’.

“1 o [ Equation2.7
1 T 5
: o 1 A Equation2.8
T 1T R 01
¥p is the plasma frequency,is the resonarft r equency and o s the

factor related to material losses. The subscripts e and m represent electric and
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magnetic responseJs i ng met amateri al s, thegweffective
and per magmdan de contsolled usingngineered structuredt 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 nsaterial
and patterns that comprise the metamaterial
Two exanples 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
Figure2.19. The former is preferred for manipulating permittivity, whereas the
latter is preferred for manipulating permeability.

(a) 1 d | (b)
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Figure2.19: Two structures used to control electric and magnetic respdjades.
Schematic of periodic wires arranged in a cubic latticeEffective 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 indwes a current j, and thus magnetic moment (dj. Effective
permeability of SRR around the resonant frequency.
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The periodic wiregeometry produces an apparegetuced effective electron
density, and increased effectiveetton mass, however the effectivelative

permittivity still obeys the Drudeorentz model as fi%:

I A Equation2.9

€n Q ¢ w Equation2.10

and the damping factor is given by:

- Q) Equation2.11
I —— T i a

.

G is the conductivity of the metad] is the lattice constant of the wire structure,
andr is the radius of the wires.
Split ring r eson a toafed thaumagnktic zsgponsear aday 6 s
Magnetic fields can be manipulateg generating a currentdm passing a time
varying magnetic fieldsuch as an EM wawhrough a conducting c8 This
effect is normallyweak;however by introducing resonance, such as in the case of

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

with a natural resonant frequency given by pj O Owhere L is the
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inductance and C is the capacitance of the circuit

permeability of a split ring resonator array igem by

°
1 is the resonant frequency,
of ©
1 0
l
a n dis tlie damping term,

. The effective relative magnetic

Equation2.12

Equation2.13

Equation2.14

Equation2.15

Due to the complexity of MM structuresumerical simulations are often used to

determine the transmission and reflection properties through methods such as the

Finite-Difference TimeDomain and the Finite Element Method he refractive

index and impedancare related to the transmissioaefiicient, t,and reflection

coefficient, r, by

Equation2.16

34



and

; A O% p ‘lc(‘) 0 Egu Equation2.17
Here,Q is the wave vector in vacuum defined@s ¢“j_ , 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 applicatans su
as perfect absorber/emitters (which are investigated in this work), superlenses,
filters, etc. currently make them a very active area of resedivh.metamaterials
created in this work are not ldfanded metamaterials as envisioned by Veselago,
howeer they are engineered materials that interact with light in unique ways.
Photonic crystals, which ar@athertype of metamaterial, will be discussed in the

following section

2.5 Phdonic Crystals

2.5.1 Motivation

The filter stage in TPV devices is usedspsctral control over the incident
spectrum from the heat source. Ideally it will reflect wavelengths that are too low

in energywhich would either just pass through the diode or generate parasitic heat
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within it. It would also reflect energies which avé 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 ptussitsie with

TPV devices

2.5.2 What are Photonic Crystals?

A photonic crystal (PhC) is periodic nanostrtture array that affects
electromagnetic waves in unique waysis a subsection of the broader definition
of metamaterials, however is often treated separatfytonic crystals are made
with periodically alternating dielectric structures that form a photdrandgap
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 c#&rs 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 informationderstand the
concepts, howevera thorowgh derivation can be foundn the book by
Joannopoulous etl*. PhCs come in three typeone, two, or three
dimensional as seen gure2.20, and each signifies the number of directions, or

axes the structure is periodic along
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periodic in periodic in periodic in
one direction two directions three directions

Figure2.20: Representations of 1, 2, anedBnensional photonic crystals. The
different colors represent materials with different dielectric corf$tant

These periodic arrangements result in photdr@indgap as depicted ifrigure
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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 laye has the same dielectric constéaht = MiddR: layers
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and 13"
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To determine these photorbandgagdPBG) diagramsa brief explanation will be
given according to Joannopoulos &t*** Onecanst art with Maxwel |

equdions which can be written in the form:

() Equation2.18

where( "l is the magnetic field of the photom,is its frequencyg is the speed of light,

and- » is the macroscopidielectric function. The equation could be written in terms
of the electric field asvell; howewer for mathematical convenientiee magnetic field

equation is typically usedThe solution "I andw are determined by the strength and

symmetric propertiesf the dielectric function Assuming periodicity in », then the
solutions are characterized by a wavevektand a band index, The Brillouin zone is

the region of all allowed wavevectors, and the batrdcture is the collection of all
solutiors. A 2D photonic crystal will be explaingatesently as it has the most relevance
to this thesis. When designistructuresthe most important parameters besides material
choices are the lattice parameters such as lattice spacng rod radiug asseen in
Figure2.22 This is a square lattice of dielectric columns treated to be infinitely long.
Depending on the lattice spacing, the structure can have a phbtomdgapin the xy

plane.

38



Figure2.22: A square lattice of dielectric rods with spacagnd radiug, with
unit cell outlined in red. The material is periodic along the x and y directions
and assumed to hefinite in z. **

Due to the transl ational symmet*B) of the s
whereR is linear combination of the lattice vectordamd &@. Usi ng Bl ochos
theorem, we can fars on onlyk;in the Brillouin zone As such,modes of the

crystal inFigure 2.22 can beindexed usinghe form of Bloch states iBquation

2.19.

¢ rg ) OF'Q Oy 2 Equation2.19

Wherez is the projection of in the xy plane, and(z) = u(z + R) is a periodic
function for all lattice vector®k. Since the structure is periodic in only two
dimensions, Kis unrestricted, howevdy; is restricted to the Brillomi zone. The
mirror symmetry in the structure allows for the separation of the modes into two

polarizations, transverssectric (TE) which haveHd normal to the plané
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'Oz » and E in the planédz t» 1 Transversenagnetic (TM) modes are
the reverset z t» m andA Oz »* An example band structure which

could results from a design likeishs shown irFigure2.23.
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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 ci@sectional view of the dielectric functidh.

In this case there is a photonic bandgaptie TM mode, but not the TE mode
For a different structure, such as one seehigure 2.24, there can be photonic

bandgapn both polarizations, as seenRigure2.25.
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Figure 2.24: A 2D photonic crystal with air columns in a dielectric substrate.
This structure has tiangularlattice, with the unit cell framed in réd.
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Figure 2.25: Photonic band structure for the structure such as that shown in
Figure2.24. The blue lines represent TM bands and red represent TE bands.
The left inset shows the higdymmetry points at the corners of the irreducible
Brillouin zone (light blue), and the right inset shows titiengular lattice'!

A quick ruleof-thumb is that TMbandgap are favored in a lattice of isolated

highU r e gi o nbendgamarefavofedEin a connected lattite There are
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many more structures and propagation modas ¢buld be discussed, however
that is beyond the scope of this brief introduction to the topic.
By utilizing the Al eakiycanmlsobe @seddor r es on a
confine light of a certain wavelength withincavity. Light can propagate along
the direction of the columns in a 2D PhC,
designedbandgap Sincethe columns are not infinite, contrary to thienplicity
assumptionsabove, they can be considered to be a cavityThe resonant
frequency of light s aBloch wave vector equal to zertus forming a standing
wave, whichwill slowly leak into the surrounding mediuith. This is especially
useful for photovoltaic devices as it creates an increased interaction time between
light of the wavelength of interest atfte semiconductor which it is evanescently
leaking into. The PhC also acts adileer, since it is only trapping light of a
certain, engineeable 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

2.6.1 Motivation

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 mateals 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 heterojim interface. Dislocations severely
degrade device performance through mechanisms such as electrical shorting
between different layersan example of which can be found Fgure2.26. 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 crackihg.

Figure2.26: Threading dislocations propagating through multiple layers.
Courtesy of T. Vandervelde

Oftentimes semiconductor designers want to use lattice nabethmaterials
to enable different electrical or optical properties in a devicethis project we
seek to lower the cost of epitaxially grown TPV cells through the use of alternate
substrate choicesA gallium arsenide (GaAs) wafer can be purchased-$50
$100, whereas the current substrate of choice, gallium antimonide (GaSb), is

~$400$600; the use of GaAs could save on substrate bgstfactor of 5 to 10

43



Fortunately, there are a number of methods to mitigate the problems with
using LMM mateials sut as grading and buffer layef5*® This work however,
uses interfacial misfit (IMF) arrays to relieve the strain caused by lattice

mismatched materials, and exploresit effect on TPV device performance.

2.6.2 What is an interfaciahisfit array?

An interfacial misfit array is a strain mitigation technique used to enable
epitaxial growth of higly lattice mismatched materidl§°. An IMF array is an
intentional, highly periodic arrangement of 90° edge dislocations at a
heterojunction interface. It is accomplished by engineering thdangebetween
the two materialgshrough careful crystal growth conditions to have a ratio of
atoms equal to the leasdbmmon 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 6.09593A and 5.65325A respectively, a ratio
of 13:14 will yield an approximatglequal Ihear distance of 79.15 A 14 @3
(lattice constant of GaS{i10))= 14 x (lattice constant of GaA%10). To create
the IMF array, the <D packed Sb atoms skip every 14th Ga atom on the GaAs

surface thus establishing the 13:14 ratio as showigure2.27.
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Figure 2.27: Graphic of the alignment of atoms at a GaSb/GaAs IMF array
interface

An asgrown IMF array can be seen figure2.28. This cross sectional
TEM image shows the 2D array of edge dislocations, the lack of threading
dislocations, and hig 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.

Figure2.28 TEM images of GaSb grown on GaAs substtag#: with an IMF
array,Right: without an IMF array.

2.6.3 Lattice Mismatch and Strain
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Lattice matching is one of the determining factorchoosingmaterials
for devices, for as the smatch 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 develagpmew compounds with different lattice
constants, such as ternary andaternary semiconductor alldys? 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 interfaciahrea can be expressed according to continuum elastic theory in
Equaion 2.20 where Qis the epilayer thickness, G is the elasiyer shear

modulus- is the epilayer strain and is thePoisson ratio of the epayer>?

O ¢O0 p " Tp Equaion 2.20

The epilayer strain can be found by using the lattice parameters of the two

materials as shown tquation2.21:

Equation2.21

where® is the lattice constant of the dpyer, and is the lattice constant of
the substratd® Strain caused by lattice mismatch can lead to several different

kinds of growth defestwhich are detailed iRigure2.29.
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Figure2.29: "Schematic illustration of mechanism for accommodation of lattice
mismatch strain: (a) elastic distortion of epitaxial layby;roughing of epitaxial
layer; (c) interdiffusion; (d) plastic relaxatio vi a mi sf Pt di sl ocationso

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

in Equation2.22.

W O VP UL 0P8 WY Equation2.22
) vd v o X&t b

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 discussedwsll 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 arrdyse next chapter
will focus on themethods and materials uséa design, simulate, create and

evaluate the devices presented here.
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Chapter3:Mat eri als and Meth

A number of techniques, instruments, processes, and metrics were used
throughout the entirety of iiresearch for the design, fabrication, and testing of
thermoplotovoltaic cells. Thesenaterials and methods will be detailed so that
the processes involved in the research can be understood. This section will be
discussed loosely in the ordirat one would encounter during the development

of a device: fabricatioor 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
Ssubstrate. Epitaxy literally mepins fito ar
meani ng tixesméarminmg fAarrangemento. There ar
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 ldter, heteroepitaxy, is the process of depositing a material which
differs from the substrafé. 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 epi(8dBE), which is anultra-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 gag#e the
chamber which contain the desired film material, such as silang) (®itsilicon
and germane (Geffifor germanium, as can be seerFigure3.1>>. These vapors
then react with the heated surface to produce layers of new material. The most
common epitaxial CVD method is metaiganic chemical vapor depten
(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,nd the crystal structure and orientation of the
deposited material matches that of the substrate. The difference between
MOCVD and MBE growth kinetics, illustrated Figure3.1, 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 relativalyjned 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 equilibricth LPE offers a relatively inexpensive

seup with a high efficieny of grown epitaxial materiaf.
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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 othe desired atoms are @aated onto the surface.

Molecular beam epitaxy is one of the foremost choices for detailed crystal
growth, for although t 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 undethidinavacuum.

MBE systems operate with a typidzase pressure of 0 Torr. In situ sample
heating and cleaning are necessary as well as independently controlled sources for
all materials and dopants. Many systems also inciand&tu analysis such as
electron diffraction and Auger spectroscopyhefie is often a separate chamber
connected through UHV load locks in order to evaporate different metialtiza
without breaking vacuuny.

The fundamental processes for MBE and epitaxy are: (a) arrival of atoms
on the deposition surface, (lWiffusion 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 atwmsteps, and (h)

desorption of atoms from the §ace(shown inFigure3.2)*.

(a) deposition on the terrace

(b) diffusion on the terrace
(c) island nucleation

(d) attachment of
atoms al islands

(e) detachment of
atoms from islands

(f) deposition on
an island

(g) attachment at
astep

(h) desorption from
the terrace

Figure3.2: Diagram of the different processmvolved in epitaxial growtf?

To achieve such precise growth control, the MBE setup is complex, especially for
compound films of IHV materials. A brief overview will be given, but a more
detailed explanation of MBE systems and setups can be fodfld°in There are
generally several stainless steel chambers which have multiple titanium
sublimation, crye, and ionpumps, as well as other types of pumps to achieve
high vacuum in loadocked chambers. Cryogenic screening is used enftrm

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 createhigh quality films, anin-vacuointerconnected system is necessary to
manipulate the substrate into and around the system without breaking the
ultrahigh vacuum. Thiad locking system is essential for continuous operation
because if the deposition chbern 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
190r 10™ Torr. ® 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

Figure3.3.
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Figure 3.3: AiCommerci al MBE system manufactured by |
Division. The system is intended to perform epitaxial grositnultaneously on

multiple wafers via evaporation of elemental sources in -bigh 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) rackandpinion mechanisms for transfer of platens, (I) cryopumps for

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

sublimation wel I, (L) anot her cryopump, and (N
From®?
A MBE systemds materi al sources have b

Most sources for MBE systems are Knudsen effusion celse{l§). 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, with 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:
0 d_f] J “ 'Q cu d TQ"Y]. A I _é Equat|0n31

whereu is the flux per unit are&is the distance from the sourceis the orifice

area of the sourcé, is the mass of the atoms or moleculgsjs the equilibrium

vapor pressur€yis the temperature in Kelvin, ardis the angle between the
beam and the substrate surface northaln addition to effusion cells there are
cracker cells. These are used for the deposition of gvoelements and also for
tellurium. Cracker sources contain two distinct temperature controlled heater
zones with the firshcting as a reservoir which controls the evaporation of the
groupV 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: ACutaway illustration of the stand:
VBOH MBE systemodo (VG Semicon) Right: AA boron n
by its foil heater, which are parts of thimndard effusion cell of the 381 MBE

system. o (G Semicon)
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A major advantage to molecular beam epitaxy is the ability to peiniform
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. Sonoé 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 highenergy electron diffraction (RHEED), mass specttmy as well
as several optical measuremefits RHEED in partialar is used to determine
sample thickness in atomic monolayers by viewing the number of oscillations in

the diffraction pattern&"®°

Ga shutter open

3 Ambient light
'ﬂT ircrense
Ga shutter closed
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Ambient light
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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 Hager, 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

ar e opened and cl osed (Right o mf R\eeaal v e s peatc e a | 198:
representation of thformation of a single compete layer in relation to RHEED
intensity oscillations (from Neave et al 19883

coverag®.0d From

In a general sense, there are three most commonly observed growth
regimes in epitaxial growth which are depictedFigure 3.6. These growth
modes are Franrkan der Merwe growth, or layday-layer growth, which consist
of smooth layers grown on top of each other, Straksstanov growth, or layer
plus island growt, which starts with a smooth layer but builds small islands on
the order of one or two monolayers tall, and Vokwéber growth, or island
growth, which takes place when the deposited material immediately starts to form
islands in excess of two monolayansheight. For homoepitaxy, these different
growth modes are largely determined by deposition parameters such as substrate
temperature and deposition rate. Lalggdayer growth produces the smoothest
surfaces as adatoms have enough time and surfaogydoemigrate 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(00%F)) When the
substrate temperature is loweredtloe 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 energyigrate 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 totleach
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
Frankvan der Merwe growf, whereas when théattice constants of the
materials differ, VolmetWebber growth will dominat&® with StranskiKrastinov
growth falling in the middle of these two when there is only a slight mismatch and

the strain energy builds up to and exceeds &aripoint®®.

BN
N
N

Figure 3.6: ASchematic representation of the three c
island or VolmefWeber, (b) layer plus island or Strangldastanov, (c) layer or

Frankvan der Mer we mode. U repriter®nts the cover ag

Molecular beam epitaxy is used to create a number of different

nanostructures with a variety of different materials.  The material capability of

57



MBE varies widely between systems, but includesVAf, IvV-vI™, 11-vI73
binary, ternary, and quaternary semicoctdu compounds as well as numerous
metal oxide&. Several structures commonly made with MBEs include quantum
wells, quantum dots, superlattices, and digilialys.
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. Aable of differentMBE grownlaser diode materials and their
wavel engths can bé* Staewntheartphotodetectos,asuicls wo r k
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®  The use of MBE for photovoltaics and
thermophotovoltaics for applications such as solar cells allowsultospure
devices tdbe made using many different materials, which increase the efficiency
of such device and also allows for more optimal pairing of materials. An
example of this can be fafnd in Yazawads w
The greatest drawback of MBE is its cost due both to an inability to grow
large number of samples simultaneously as wellsaslatwv 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 lgyoather
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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 workinghotovoltaic 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.

3.2.1 Ohmiccontacts

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 contas. 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 -V curve linear as shlwn 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 rmkdrsemiconductor which it bridgés.
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CTLM Ohmic Contact Measurements
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Figure3.7: Currentvoltage characteristics of ohmic contacts orslda

3.2.2 Photolithography

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 basisteps 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 use@, generalsolvent cleaningrocedure consists of several
minute sonication or bath imcetonefollowed by anacetone rinse, isopropanol
(IPA) rinse, and ae-ionized (DI) water rinse.The sample is then dried with
compressed dry aiand potentiallypakel on a hotplateto remove any excess

water.
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A piranha clean modified for GaAs samples consists of a 1:18:500 mixture
of H,SOy, (sulfuric acid) to HO, (hydrogen peroxide) to DI water for 30 sec.
followed by a 5 min. DI water bath, then a 2 min. bath af @t water to HCI
(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 ctgmfiume
hood such as this one at the Tufts Micro and NealoricationFacility (TMNF)
at 200 Boston Ave. at Tufts University.

Photoresist: Photoresist is spun onto the sample using a spin cdageré3.9).

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;he second is maintaining that speed $awveral 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 preexposure baken a hotplates then performed although the length

and temperature varies according to the type of resist lB&dphotolithography
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with silicon, the adhesion promoter HMDS (hexamethyldisilazane) is often used

to promote the adhesion of the photoresist onto therwafe

Figure 3.9: Reynolds Tech photoresist spinning hood with Headway Research
spin coaters/controllers at the Center for Nanoscale Systems at Harvard
University. "8

Mask, exposure, and development: A photanask shown inFigure 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 asioetvendor. It is
typically created usingn electron beam aa glass platavith a chrome absorber
although cheaper, less precise methods are available. A mask aligner, shown in
Figure 3.10, aligns the maskvith the sample, as well as exposes pthetoresist
coveredsample to UV light. Mask aligners typically use mercury lamp as its

light source,whose intensity peaksclude the dline at 365nm and hline at

62



405nm. The intensity of these peaks are usatktermine the exposure dose for

different resists There are two alignment mi cr osc
movement stage which allow for alignment accuracies of ab@unicrons. The

chrome on the mask is used to block light in certain predefingerpsit 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 photoresi$hus a pattern has been formed in

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

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

Figure3.10: Left: Karl SussMJB4 mask aligner athe Center for Nanoscale
Systems at Harvard Universit§® Right: Typical photomask made by REAP
Labs
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3.2.3 Electron Beam Lithography (EBL)

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
useselectrons 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 den 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 CA@mputer aided desigspftware on a
computer. The major limitation of EBL, however tisoughput. 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 hourqor even several day§)r a single pattern. His can caus@roblems
for larger patterns; due to the length of time writing takes, beam drift or instability
canhappenrendering parts of the pattern incorrect.

Instead of photoresist, which is a phatnsitive polymer, -beam resist is
typically a trermoplastic such as polymethyl methacrylate (PMMA). PMMA is
spin coated just as with photoresist, and upon exposure to-libane is de
crosslinked, experiencing chain scission. Thus where the resist is exposed, it can
be developed and removed, makingfMa 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 Section3.3.2 The system is pumped down to high vacuum, the write field is
aligned, an appropriate location for the pattern is chasqrgsure parameters set,
and then the pattern is written by scanning and correspondingly blanking the
electron beam across the surface of the PMMPhe exposure dose is just as
important in EBL as with photolithography, and is a measure of the length of time
the electron beam dwelts a certain location. Exposure dose will change based
on resist thickness and feature sizes. After patterning, the sample is developed.
The PMMAC series used in this work is devolved in a ratio of 3:1 methyl
isobutyl ketone (MIBK) IPA for 1 minutejmmediately followed by an IPA bath
for 30s, and nitrogen gas dry. The MIBK breaks apart the PMMA damaged and
decrosslinked by the-beam. The IPA then dissolved and washes away the
damaged polymerThe sample is then ready for further processing, asanetal
deposition. The resist is readily dissolved in acetone, for applications such as
liftoff.

The Raith 150 EBL system, shownkigure 3.11, was used in this ark 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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Figure3.11: Raith 150 electrobeam lithography systefh

3.2.4 Reactive lorktching

Etching in microfabrication is the process of cleatly removing
material from a sample. For many etch steps, part of the sangptEestedrom
being etched using a mask; for this work, the mask was photordsdt was
applied and patterned using traditional photolithography. Using this method, the
pattern is transferred onto the sample by selectively remdayegs of the sample
in areas not covered lihe mask Etching can be done chemically by using a
liquid that will remove the target materiak a faster rate thahe mask material;
this is called fAwet etchingo.

In this work however, reactive ion etching was uselich isalso called
Adry e tThishisawvaguumprocess where ions aceeated ima plasmaard

accelerated between tinegatively charged plasma and positively charged wafer
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platter. The platter holds the sammato whichthe ionsimpact andreact
chemicallyto selectively remove unmasked areas. Due to the vertical path of the
ions, RIE produce a very anistropic etch profileDifferent gasses must be used

to etch different materialsThe etch chemistries used in this work includtis,

Cly, Ar, and N which wereused both for etching GaSb and InAs/GaSb diodes.

8 RIE is not completely selective however, and depending on the type of mask
used thick layers may be needed to crea®pdetch profiles. This is especially
the case when using resist as the etch madke 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 produycettibction, which

is created by tim@arying 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
generallyfrom leftover photoresist Alowp ower oxygen pid asma fde
used tooxidize orifas ho | ef t o which is phenoemovel dys thes t

vacuum pump
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Figure 3.12 Left: Unaxis ICP RIEused for IIFV material etchingand Right:
Techrics microstripper used for plasma cleaniafj the Center for Nanoscale
Systems at Harvard Universit§.

3.2.5 Deposition

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 depositiontbfn films such agontact materialisolation,

or passivatiotayersfor the preparation of devices

Electron BeamEvaporation

Electron beanevaporation isa method of thin film deposition used in
semiconductor processing. It involvesing electrons theat a source material in
a vacuum, which then evaporates @nradels to thesample where it subsequently
condenses. Base pressure for these systenm ithe order of 10 Torr.
Depositionrateis determined by the current of the electron beam and temperature

of the source and wittypical ratesof 1 or 2 Angstoms/s Deposition is line of
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sight, so complex geometsiare dfficult to evenly coat* Evaporation has worse
step coverage than sputtering systems; however this can be desirable as it makes

liftoff of metal films easier.

Figure3.13: One of the ébeam evaporators used at Harvands "®

Chemical Vapor Depositionand Atomic Layer Deposition
Chemicalvapordeposition(CVD) is a process through whichaterial is
deposited on a substrate or sample via a plasma and thermally assistézhiche
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 ® produce the desired deposition material. This method produces highly
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conformal thin filmseven with high aspect ratio structures. This work used CVD
to deposit silicon nitride to act as an isolation layers and antireflection coatings.
Atomic layer depsition (ALD) is a special case oEVD where the
precursor gases are introduced into the deposition chasdparately. 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 chambehen precursor B will be
pulsed into the chamber completinbe 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 limitedr®
monolayer per cycle, allowing farery fine control of deposition thicknes3he

drawback to this method is that it is extremely slow.

Figure3.14: Left CVDs used at Harvard CN'§

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 imis research, some of the major

ones are described below.

3.3.1 X-Ray Diffractometer

X-ray Diffraction (XRD)is a method of analyzing a sal@pn 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 scatteredrays, 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.

Braggds | aw determine bhenteriesercel pattem fored by x-
rays scaered are scattered by crystals. It describes the condition when the angle
of incidence is equal to the angle of scattering and thelgatfth difference is
equal to an integer number of wavelengths. When this occurs, constructive
interference causes peaks in the scatteredaxy i nt ensi t y. Braggbs |
Equation3.2 where n is an integer multiplé,is wavelength, d is the lattice

spacing, ane-s the scattering angle.

11 ¢AOGEI Equation3.2
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X-rays X-rays

Atoms In cry.stal

Figure 3.15: Depiction of Xrays as they are incidemind scattered off of a
crystal.

3.3.2 Scanning Electron Microscopy (SEM)

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 physicabnormalities 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 nanofadiran this resolution is
insufficient, and as suclelectron microscopy is used to image structures beyond
the capabilities of light.

A scanning electron microscope uses electrons insteplotdns, and scans

this focused bearof high energyelectrons ina raster patteracross a sample
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The electrons from the microscomnter the surface anthteract with the
electrons in the samplexciting them. Te different signals produced convey
information about the topography and composition of the sample er&enf
these different signals include secondary electrons,-beattered electrons,-X
rays, and cathodoluminesences shown inFigure 3.16. A wide range of
magnfications ~10x to 500,000x is possible, with details resolvable on the order

of single nanometers.

electron
beam
backscattered
cathodoluminescence elgctrons
/
secondary /
electrons /
"\ / X-rays
. /
A/
\ /
N Vi
excitation
Sample volume
absorbed
current

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’
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Secondary electrons are the most common signal detection r8edendary
electrons aréreed from the surfacafter 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
columnand works better dow voltages and small working distances. It images
differences in the work functiorwell and shows good contrast between
materials®* The SE2 detector is positioned off to the side of the SEM column and

is better for imaging topographic infoation and surface mduplogy®*

\

-

Figure 3.17: Left: image taken with inlens detector of a GaBBV 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, sh as sputtered gold.
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Figure3.18 Schematic of an SEM colunif.

3.3.3 Fourier Transform Infrared Spectroscopy (FTIR)

Infrared spectroscopy, such as an FTIR, can measure infrared spectra of
materials from roughly .5 to 25um® 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 rang
simultaneously, wheas methods using a monochromatoust slowly scan
through each wavel ength i ndi vidually.

measuring absorption, emission, and transmission of materials.
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Two types of FTIRs were used in the work, a 3d5€/IR-6200 with a IRT-
5000 infrared microscope and a Thermoscientficolet 6700as seen ifFigure

3.19.

Figure3.19: Two FTIRs used in this worK.eft: JascoFTIR with microscope
stage®® Right: ThermoscientifiNicolet FTIR &

The main difference between the two is the microscope stage on the Jasco model
which allows for measurements on small am@ashe order 0100um. This stage
features a @ssegrain reflector whichallows for reflection measurements
averaged between 25 degrees and 45 degides.Thermoscientific FTIR allows

for normal incident transmission measurements and 10° off normal reflection
measurementskFTIRs function using interferometry, and as such, lbart of the

instrument is a Michelson interferometer as sedfignre3.20.

76



Stationary Mirror

Split Beam
Delayed | |
Split Beam i |
Coherent !

Light Source |
0
Beam .
Splitter -
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Figure3.20: Diagram of a Michelsomterferometeused 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 throughbbeem splitter where
roughly half of the original light as focused on the samatel then the detector.
The interferogram is created by recording the signal from the detector while
varying the retardation, where retardation is the difference in patthleegveen

the mirror paths in the interferometer.

77



3.3.4 Ellipsometer

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 éhproperties of the material, for instance to determine the
exactthickness of a material, one musive a rough idea of its thicknes3he
tool works by detecting changes in light polarization due to reflection from a
material. A depiction of the notabparts of the tool can be foundkigure3.21.

In this research, the ellipsometer is used to obtain material properties with which
to use in simulation software, all as to determine reflection and transmission

data for samples.
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Figure3.21: A spectroscopic ellipsometer works by filtering white light through

a monochromator, linearly polarizing it and guidinghitough 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 passeth theoug
rotating analyzer and the results are compared to data files and a best fit for the
desired properties is fountf.

The tool used in this research was a J.A. Wamo Company variable angle
spectroscopic ellipsomet@’ASE). 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.
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Figure3.22: J.A. Woollam VASE ellipsometéef.

3.3.5 Solar Simulator with Souremeter

One of the primary methods with whicsolar photovoltaic devices are
characterized is by their curtevoltage (IV) curvesunder varying spectra of
illumination. For solar spectra testinghis characterization is donesing a
Newport Oriel Solar Simulator with a 1600W Xenon bulith the Newport PV
IV software. A Keithley sourceneter is used to genéeahe curves, and neutral
density filtersare used to adjust the levels of incident radiatiothe apparatys
shown inFigure 3.23 also has a cooled sample stage with suction to hold the
sample in place as well as a probe station. The soneter provides the current

and voltage sweeps and takes measurements of thdesam@sponse 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 RPAlab. The Keithley
sourcemeter can be seen on the lower right.

3.3.6 CyroSim:Low Temperature Thermal Simulator

This custoramade tool is used for characterizing I®@urcetemperature
long wavelengtithermophotovoltaic&”*° The apparatus, shown iRigure 3.24,
uses the same sourneeter 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 mmurements and to test the samples under a variety of
circumstances. The test chamber is urdgh vacuum(up to 2e6 Tor), and

cooled to cryogenic temperature$he sample heater and calibrated blackbody
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radiation source cabe varied btween temperatas 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 liquittegen 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 rewould be caused by
additionalsources of radiation besides the blackbatiych would not be lale 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 pparatus. 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 foundrigure 3.25. Once these curves
have beembtained for the cell in question, cell characteristics suchadsy and

efficiency may be found which will be discussed further in i8a@.4.
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Figure3.25; Typical dark and light-V curves. 1 shows the maximum power
point®*

3.4 Performance Metrics

3.4.1 Conversion Efficiency

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. dfn a design standpoint another valuable metric is
guantum efficiency, which gives information about light absorption, carrier
creation, and recombination.

The conversion efficiency, d, is t

Pmax t0 the power incdent on the TPV cell,; 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 incorporasespectral 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 fEmuation 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 th¥ Icurve, shown irFigure3.26.

Pmnax Vmpdmp &&6 3 Equation3.3

Power is equal to the product of theltage and current according to
J o u | e % shuslthe wax power {R) is the product of the mawoltage point
(Vmp) and the max current point). The incident power;Pis equal to the total
power of all wavelengths which are incident upon the cell. The open circuit
voltage (W) is the voltage produced by the cell at a certain illuminationnwhe
there is infinite impedance. The short circuit curreg} {$ the current produced
by the cell when the load is short circuited with the same illumination. Also
useful are s and J,, which are the short circuit current density and max point
currentdensity respectively using these, one does not need to account for the area

of the cell. To obtaingt (Imp) from Jc (Imp), ONe must simply multiply by the area
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of the cell. The fill factor (FF) shown iEEquation3.4% is the ratio of the
maximum amount of power obtainable to the maximum amount of power
theorized. It indicates the max power point,gVJnp) Where the cell operates on

the FV curve of the cell.

& & VinpIp 0 Equation3.4
6 J
40— Maximum
T r / power point (Viyp. Iyp)
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Figure3.26: 1-V curve of a silicon solar cell showingy| Vi, lse and V.. The
ratio of therectangle formed by connecting thgand |y, lines over the area of
the rectangle form by connecting thg.®nd L.lines. Front*

There is no aaytical method for determining the fill factor, beguation3.5,
originally made by Greéh is useful for estimating i

& & o | L“p"s( q Equation3.5

86



where the expression feris shown inEquation3.6 %

AB

_ Equation3.6
EX

o

The fill factor is affected by the diode ideality factor, leakage currents, and
shunt and series resistance efféttd.he ideality factor is a nasure 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 isulating 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 tineaterial is increased. Shunt resistance provides an
alternate current path for phegenerated current thus reducing the amount of
current flowing through the diode junction and reducing the voltage from the cell.
Shunt resistance is typically due tomaéacturing 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 resistaof the contacts themselves. Fill

factors are generally in the range of B 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 serisistance effects:

3.4.2 Quantum Efficiency

Quantum Efficiency (QE) is the number of carriers created per photon
incident on the TPV cefl’ QE accounts for losses due to reflection on the front
suiface 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 tmgymction.

OF # of fréael el @aﬁe@nagredleddf’ﬁ\" Equation3.7
# of incident phOoZEL

Equation 3.7° shows that quantum efficiency is equal to the number of free
electronhole pairs that are generated and collectkdded by the number of
incident photons upon the cell. The number of electrensgcond is equal to the
number of electrofole pairs generated per second and is determined by dividing
the photocurrent in the external circuit by the charge of an electdonThe
number of photons arriving per second®i$E Owhere0 is the ircident optical
power,Eis the Planck constant, adithe frequency of light.

Quantum efficiency can be separated into the subcategories of internal
guantum efficiency (IQE) and external quantum efficiency (EQE). As described
above, the QE is definedrfothe whole device and is referred to as the external

guantum 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 fQE as it takes the whole device

into account, not just the photons after they enter the device.

h3 > 100 photons in

50 electrons out

Y 50% External
Quantum Efficiency

0 photons out

Y 100% Internal
Quantum Efficiency

Figure 3.27: External vs. internal quantum efficiency. The amounpludtons

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 andshows thaexternal quantum efficiencies of 50 to 80% and above

are currently achievable over certain wavelengths.
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Figure 3.28: AExternal qguantum efficiency spectrum

wavelength part). Antireflection coating (anodic oxide) was applied only to the

GaSb cell. Shadowing losses caused by the contact grid were witRiog4d.5

The spectrm of the JPL IR bandpass filtered large area pulsed solar simulator

(LAPSS) irradiance (solid Ii¥®e, right axis) is

The cells tested by Sulima et®8lhave 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. Ithe contact grids are metallic, then it is possible to recover these losses
in a TPV system by recycling the reflected light back into the emtttémother
possibility currently being researched isnsparent conducting oxides (TCO) for
use in TPV and PV alik€' % 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 mateaad can generally be minimized using

an antireflection coating (ARC). Two proposed types of ARCs for GaSb TPV

include transparent conducting oxid®andsubwavelength grating structuré®’
Another, more analytical method for determining TPV cell conversion

efficiency is derived from diode physicsHguation3.8 ?4%

s 19%R SGOZ:& & Equation3.8

QE is the quantum efficiency as described abovgs 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 banddja miaterial.

Fo 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.is\the open circuit voltage as

described above, but can also be estimated according Egtfagion3.9 %3

6 L4 Ti— o Equation3.9

Jsc is the short circuit current density, it is the same as the short circuit current but

it accounts for the area as welly i the dark current density also known as
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leakage current density as mentioned above. The variable k is Battzinan

constant and T is the temperature of the cell.

3.4.3 Recombination effects

Recombination of minority carriers is the largest source of inefficiency in
thermophotovoltaic cells due to their narrow bandgaps. Maetformed 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
a ser. he effective minority carrier lifetime in a layer of thickness, d, is shown

in Equation3.10™:

d _ _ 3_ 3_ Equation3.10
- U ) A A
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
recombinatiort! It ranges from 1 to 10 depending on the optical properties of the
material. $and $ are surface recombination velocities at each of the bounds of
the layer.

The different types ofecombination, explained well by Zeghbro&ek

include contributions fagr Auger recantbinadidn v e
Qug ShockleyReadH a | | r e c 0 RRY; i anch suirfazen recontbination.

Radiative recombination, also called banéhand recombination is when an
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electron moves fromstconduction band into an empty valence band state. Auger
recombination occurs when an electron and a hole recombine in &dsbadd
transition, but the resulting energy is imparted to another electron or hole. This
third particle affects the recombiian rate necessitating different treatment of
Auger and bandio-band recombination. Shockl&eadHall recombination,
sometimes referred to as trapsisted recombination, is when an electron falls
into a fAtrapo which i s tunmal defecteor fgreign | e v e | ca
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 Shocki®&eadHall recombination with the nia
difference being thagurfacerecombination 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
alrupt termination of the semiconductor crystal. Tokowing table created by

Mauk'! lists the rates for the different types of recombination as well as

limitations on diode dark current and open cirowitage.
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Figure 3.29: Recombination limitations on diode dark current and egperuit

voltage™

The recombinatioroefficient, B, for radiative recombinatidias been derived by

Arhenkief®and is:

" T Y pT1r

where U

masses of holes and electrons, respectivéligure 3.30 shows some values for

P L)

s t he ¢ibthe baedgap,rgrand m are thes effective |

the proportionality constant B.

OTT
4

% Equation3.11
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Figure 3.30: Calculated and experimental radiative lifetime coefficients for

direct bandgaplll 1V compounds (T = 300 K):&()
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The models for Auger coefficients, C, are much more complicated, but Charache

hasplotted several empirical data setd-igure3.31.
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Figure3.31: Calculated and experimental Auger coefficients for dibectdgap
1TV compounds (T=300 K) from the literature:E() GaAs, A) InP, )
GaSb, () InSb, { ) InAs, ( ) InGaAs, ¢ ) InGaAsP, $ ) InGaSb, )
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3.5 Simulation Methods

There were two main simulations performed in this work, bandstructure
energy levels dr 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 tis&PM. 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 versimndgapsimulations vere carried out to
determine the viability of room temperature operation.

The bandstructure of InAs/GaSb superlattices has been modeled with a
number of different methodf '*°. Several of these will be discussed in liert

detail in the following subsections.

3.5.1 k-p method

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 gerisystems through the use of the
Bloch theorerf®, however it can also be used with nonperiodic systems through

the use of an envelope functtoh
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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®. A more detailed explanation including more inforimatabout
perturbation theory, symmetry, effective mass determination, and numerous Kk-p
models can be found in the bookhe k:p Method Electronic Properties of

Semiconductor<®

The k-p method can be obtained from the-eleztron Schrédinger equation

oo » cn_d OP % > O% » Equation3.12

where H is the onelectron Hamiltonian operator andrY(s the periodic lattice
potential. The wavefunction of en electron in an eigenstéatg, iwhile its energy

isE,. Since a crystal I's periodic in nature,

the solutions oEquation3.12 become:

%og > OF g » Equation3.13

In Equation3.13 n is the band indexk is a wave vector, angkg » denotes the
periodicity of the lattice. %g -» can be substituted intd=quation 3.12 with the

assumption that the potentMr) is local.

Og 2 'Q 6 g Equation3.14
ca
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Equation 3.14 yields a complete set of eigenfunctioagg, , for any fixed
wavevectok = ko, which span the space of lattice periodic functions in real space. Thus,

%og » atk can be expanded in tes of o

%og | 2

QB g Equation3.15

The functionskeg » and the eigenenergi€sg at anyk vectorko + kapearko

can be determined oné2g ando g are known, by treating the ter?cn&_in

Equation3.14 as a perturbation.

3.5.2 Empirical Pseudopotential Method

The empirical pseudopotential method (EPM) is a way to solve
Schrodingerdos equations for bul k crystals
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, an this case an effective ionic potentiaitiag on the valence
electrons®® As seen irFigure3.32, above a certain cutoff radius, the real and

pseudo wavefunctions and potaifgiare 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 empirigaleudopotential method is presented based
on Cohen and Bergstres$étand is essentially identicab the development and
explanation given by Danné¥ Frist, one starts with the tiriadependent

Schrodinger equation,

3_'r1 O W K] 0 TQLL] i Equati0n3.16

where the Hamiltonan for an electron in the crystal consists of a ketetigy

term plus a weak potential which depends on position:

20 o Equation3.17
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and because a c¢crystal i's a periodic

rewrite the wavefunctions in terms of plane waves:

wd Qfo i Equation3.18

The plane wave expansion is thesed to write each as an infinite series, summed

over reciprocal lattice vectors:

wad Qtft o qt Equation3.19

6 O w Q t Equation3.20

where A and V are the Fourier coefficients for the given reciprocal lattice vectors.
These are then substituted back into the Schrodinger equation:
U wuoss 0 6 5 0 'f
ca

Equation3.21
o ! Q t

Equation3.21 can then be multiplied by an orthogonal funct@n ! and

integrated over the volume of the crystal, thus Kroneker delta functions fall out

where there were previously exponersial
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R T o 5
ca Equation3.22
oQ !

One summation in each term can be eliminated in order for the terms to-be non

Zero.

U—,§Q Lsod w 6 0! Equation3.23
ca

At this point, the equation can be written as an eigenvalue equation in matrix

form,

Ha, Hio,y Aoy Hay Ho, AK_, AK_,
H H H H H A A
-1 -1-1 -L0 -1.1 -12 K| Ky .
Hya Hoon Hiypy Hyo Hyg Axn = Eik) AKG Equat|0n3'24
H_, Hyy Hy Hy Hy : "‘-11';l Alq
Hy, My, Hyy Hy Hyy - lelK, ﬂK,

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 diagramhe matrix must be diagonalized.

a . . , :
"Or c_dSQ 0sl ; © Equation3.25
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Equation3.25 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 fawsture 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 Bexggsr.

w o AT® it @ OEdJ ftt Equation3.26

wheret is the absolute offset of an atom from the origin of each cell in the fcc

lattice and for this work is shown iBquation3.27. The termsij[-,ﬂ anddf}d are

the form factors and are generally determined empirically, although many can now be
found in literature. Vurgaftman et al. disss some first principles for form factors in

their work™.

o

O Equation3.27

i
W

£lo
70

The superlattice empirical pseudopotential method (SEPM) was originally
developd by G.C. Dente and M.L. Tiltdf*'°%'?® The representation of the
effective potential for the superlattice is the main differentiator. They use a
suyperposition 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 6r the energypand lineups between the different materials in a
superlattic€”®. This methodvas used to design the devices in this work because
the calculated SEPM bandgap matches best with experimental absorbance and

photoluminescence data.

3.5.3 MathematicaCustom Simulation Software

The band alignment and dark current calculations performed inwiris
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
materialsin 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 sidgg@d barrier, or be a product of improper
material choices which canause undesirable barriers or traps which would
decrease device performance.

The dark current module calculates generatemombination current and
diffusion current. Doping levels, temperatub@ndgap and carrier lifetime can
all be varied. The progm 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 singleand barrier design can be estimated
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3.5.4 Sentaurus Synopsys

Sentaurus by Synopsys is a technology compiteed 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 algnments for heterostructure devices as well as to simulate cuoitge
curves under a solar spectrum to determine conversion efficiency and other
performance parameters.

Sentaurus uses many different models and methods to perform simulations,
such asSchrddinger solutions and complex tunneling mechanisms to determine
carrier transport. To obtain optical solutions necessary-Yoisimulations, the
transfermatrix method was used for this work, although raytracing, beam
propagation, and finitelifference timedomain (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 la}/Bhis method is

based on Maxwell s equations and continui
across boundaries of different mediums. Thigekl is known at the beginning of

a material layer, i.e. the solar spectrum, and the field on the opposite $ide of

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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3.5.5 DarkCurrent and Intrinsic Carrier Simulations

The dark current simulations andtrinsic carrier simulationsdetailed in
Sectionss.4 and5.5 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 accordingeiguation3.28, while the heterojunction

case can be found Bquation3.29.

a ga M @ .
| =n2Jqk,T &b M 1M ogl 10 Equation3.28
t C :

0a ™

dlff _hetero — qu @‘]_wfnzp +— nZ)N o@kBT 10 Equat|0n3 29

In these equations, q is the electron chargés khe boltzmarc onst ant |,
are the carrier mobility and carrier lifetime respectively with the subscripts
depicting different locations in the device, T represents temperatyris, tfie
built-in voltage of the diode minus any applied voltage, and the number of

intrinsic carriers, nis determined by:

a-

¢

Equation3.30

>
I
Z
@]
Z
IOOOI

The effective conduction band density of states, Nc, is giv&guation3.31 and

the effective valence band density of states, Nv, is giv&mguation3.32,
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s, Gzazl zozvy 7 Equation3.31
Q

czazi zQzy” Equation3.32
5

. O ¢z

where mis the effective mass of an electron, isthe effective hole mass, and h
is the Planck constant. The generatiecombination current is calculated
according toEquation3.33 for the homojunction case aifituation3.34 for the

heterojunction case.

lon = qC")rn“'p(x)dx G(X) n Equation3.33

P

The GR current shown ifEquation3.33 is simply the integral of the tragssisted

recombination rate G(x) over the depletion region x.

X

0 N .
| 6r_newero= AOFP3, (X)dX+ q GF3,, (X)dx Equation3.34
I 5

P

The heterojunction case is the sgonecesshowever it splits the calculation into

two parts one integral for the4bype material, and another for theype.
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Chapter4:Li t erature Review

This section seeks to provide a brief, and most certainly incomplete review
of the literature for thetopics investigated in this thesidt will progress in the
same oder the background was givand thatthe results will be presenteldbng
wavelength PV, metamaterial selective thermal emitters, photonic crystal TPV

filters, and interfacial misfit arrays.

4.1 Long Wavelength TP\Gims

4.1.1 Kk-p method

The kp method was originally used by Bardeen in 1937 to determine the
conductivity of monovalent metdfS. Another arly application was the
derivation of the sum rule for effective masses 38itz?°, which was then
extended to include degenerate bands by Schd@klmyd theeffect of spirorbit
interaction by Dresselhotf§ and Kan&®. Kane alscextended the expression
obtained for a nondegerkemwatiearlgamnkl vas uas f a
through the use of degenerate perturbation theory when determining the
bandstructure of itium antimonid&. The work on the lp theory by Kane is
often referred to as the Kane model. Another flavor of the k-p method is known
as the LuttingeiKohn model, which is a generalization of the single band k-p
theory where the influence of all other bands is taken into account using Lidvads

perturbation methdd“**? The PikusBir Hamiltonian included the effect of
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strain in a crystaf® **°> and Cardona and Pollak extended the technique to cover
the full Brillouin zone®.

The k-p has been ad for a myriad of applicatiorendis sometimes reired
to as the standard methfmt determining band structur@® Of pertinence to this
thesis, the k.p method has been used to study superlattices, and in parti@adar i
even been used for the InAs/GaSb superlattice material Sy4téfh The method
is still in widespred use today as in 2010 Rejeb at. modeled an

InAs/GaSb/InSb superlattice for laser diode applicatitns
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4.1.2 Empirical Pseudopotential Method
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The empirical pseudopotential method [BRvas first developed in the late
19506s and early 196006s B astheyBevelopedi | | i ps
the local pseudopotential theory. Cohen and Bergstresser followed this work with
bandstructures and form factors for numerous semiconductors with diamond and
zinc-blende structures in the mid 1968s However these worksis well ashe
mathematical explanatiorf the theory in Sectio.5.2 did not include localized
effects or spirorbit coupling. In the mid970s, Chelikowsky and Cohen added
correction terms to the Hahonian matrix toimprove the model based ohnese
effects®.

Over the past several decades, much work has been done to ateetis
optical properties and electronic structure of materials using the empirical
pseudopotential method. A few examples includenerous zincblende and
?,46’

E748 e

diamond structure semiconductor allyscoppet*®, silicon carbid
semiconductord®, anddiamond®®. The method has even been used to examine
nanostructured materials as well, such as Si quantuni>tjosnd carbon
nanotube¥? Of particularinterest to this work is the application of the empirical
pseudopotential method to superlatticess early as 1980, Andreoni and Car
explored superlattices using the EPM, calculating the ersagyg structures of
GaAs/GaAl,As superlattices®.  Friedel et al. developed a reliable EPM for
computingthe neargap band structures and optical matrix elements of strained

Si/Ge superlattices in 1989, Mader and Zunger developed a continuspace

fully relativistic empirical pseudopotential for AlAs/GaAs in 1894
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Dente and Tilton developed a generalization of the EPM for applications to
superlattice structurés 1999% called thesuperlattice empirical pseudopotential
method (SEPM) One of the differentiating points of their approach is inrthei
representation of the effective potential for the superlatiibech 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 material$is latter factor
accounts for the fact that material interfaces are not perfectly sharp due to effects
such as diffusion or migratiorfzinally, an additional parameter is required for the
energyband lineups between the different materials in a superfdttice

Of particular note to thighesisis work with the InAs/GaSbsuperlattice
material system. Dente and Tilton used their SEPM method to calculate the
bandgapenergy of InAs/GaSb strained layer superlattices and compared them to

experimental values from literatdré'*’as seen iffigure4.2.
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Figure 4.2 SEPM superlattice calculations for the effective bandgap of
InAs/GaSh 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 structur&¥.

In 2002, Dente and Tilton investigated the InAs/GaSb material system in more
detail, comparing the SEPM method to several offiraulation techniqueand

literature valuest1231%61%0 55 shown irFigure4.3'%®
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Figure4.3: Experimental data on InAs/ GaSb superlattices from several sources.
Also shown are calculated results for SEPM, atomistic 1, atomistic 2, aftdl k-p
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Although the techniques used in this thesis were directly based on Dente and
Tiltonds wor k, Magr i and Zunger also used
superlattice®’. They usedimilar adjustments such as the well and barrier size
ard 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 deces.

4.2 Selective Thermal Emitters

As mentioned in Sectiof.2.1 emitters are an integral component of a
TPV system. This is an active field of research spansieveral decades of
research. The first materials used for selective thermal emittesceramics
and especiallyrareearth oxideswhich were studied extensively in the 1990s
Materials with a moderate spectral selectivity such as cobalt dopedtogfrac
oxides such as ADs;, MgO or AbMgO,; were proposed?. However, most
research in this timeframeas focused on rarearths 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 ati@nawith
neighbor ions and thus no formation of energy b¥fidsSome examples of
different materials antheir respective wavelengthgerepresented ifFigure2.7.

These emitters were producesed a thermal spray appro&gthowever a variety
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of different fabrication methodbkave beennvedigated including fiber bundle
plate emitter®*, thin film emitters®® ™% thick film emitterd®®, and small
particle emitterS°. A typical selective emitter output can be seeffFigure4.4,

which is agraph of tle radiative power for a Yb,Os; rareearthemitter One can

seethe strong selectivity from theear unity emissivityt 1um

2

radiation power [W/cm” pm]

blackbody emitter

124
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Figure4.4: Emittance spectrum of an ¥®; emitter in Welsbach mantle form at

1735K. The peak atem is due to YBOs; the other peaks are due to the
163

flame:

These emitters did achieve a high degreesaltctivity; howeve 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.
Theseemitters weranade usinghotonic crystal structuredMany varieties have

been made, using 1, 2, and 3D designs. The first 3D desigesnade in 2002
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by Fleming et al. from Sandia National Labs, and Ames Labora®rgeen in

Figure4.5.t71173

-

LN

10 um

Figure 4.5: Two examples of 3D tungsten photonic crystats viewed by a
SEM.172'173

Here one can see the pigely engineered 3D structure. Fhestructures 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 structur&’® The performance of this type of structure can be seen in

Figure4.6.

114



E MEvprpmeeresmimra
(é 50 lo(GaSb)=1 73 um q: 10
o -4
S ]
40 \ .
s ' T(BB)=1,500K -1 °
g 30 ' 16
o <T>-1536K 7 4
= ‘ <T> ~1440K ]
-2 10 <T>-1320K 1 »
= 190K ]
g o o 12°
o 0 2 4 6 8 10 12

Wavelength (um)

Figure4.6: Measured 3D tungsten PhC emission power at various temperatures,
as compared to a blackbody at 1500K.

Il n 2008, Nagpal et al. expanded upon this
be seen irFigure4.7. This structure was made using a silica woodpile structure

created using direct laser writing, and then coated with tungsten of molybdenum

174
D.

using CV

Figure4.7: 3D photonic crystals created from silica woodpile structures coated
with tungsten or molybdenufi?
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Some of the problems with these structures are slow, expensive fabrication
methods, and oxidah or breakdown at high temperatures. Arpin et al.
investigated electrodeposited 3D tungsten PhCs with enhanced thermal stability in
2011°. These structures can be seerFigure 4.8. They achieved increased
thermal stability up to 1000°C by coating wialumina and 1400°C with hafnia.

This work did not examine the emissivity of these devices.

Figure4.8: Electrodeposited 3D tungst®iCs coated with alumina andftia.

In addition tothree dimensional giterns, research hadso focused ornwo-
dimensional photonic crystal One example is the pattern showrigure 4.9
which is a patterned surface grating tomggen This structure was fabricated

using electron beam lithography and fast atom etching techriigfés.
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Figure4.9: Left: SEM image of 2D PhC.Right: Spectral emissivity of three

similar grating patterns, with flat tungsten for compari&dn.

In addition to the square, vein lattice above, 2D PhC emitters also include circular

hole patterns as seenhkigure4.10.
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Figure4.10: Design and spectral radiance of tungsten 2D BfC.
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Celanovich et al. havénvestigated circular 2D patterns for use as selective
emitterst’*"9182 They focused on tungsten and more recently tantalum as the
materialsof choice for these emitters. The switch to tantalum was predicated by

its syperior machinability and thermal stabil?
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Figure4.11: Simulated emission and emissivity for Ta PHE.

Figure4.11 shows simulated emission as compared to a blackbody for a tantalum
2D PhC pattern as well as its simulated emissivitigure4.12, however, shows

the fabricated dace, and experimentally measured emissivity.eSéstructure

were fabricated using an interference lithography patterning, isotropic plasma

ashing, chrome hard mlatransfer via RIE, and finally etching the substrafe.

118



PhC1 measured
= = = PhC1 simulated
= PhC2 measured
= = = PhC2 simulated

a=1.35 um
d=3.1 pm

18 2 22 24 26 28 3
Wavelength (um)

Figure4.12: Left: SEM image of fabricated Ta PhRight: Measured normal
room temperature emissivity of two Ta PhC sampies.

Much progress has been made on photonic crystals for selective emitter
applications. From novel designs to different materials, thianisactive and
interesting field of research.
Metamaterial selective emitters are an even newer topic of research for
this application, with the first devices fabsorptioror emssion appearing around
the 2006 Often called perfect absorbers, due to Kicf f 6s | aw of t her
radiationstating that emissivity = absorptivity atuilibrium, these devices have
the potential to be perfect emitters as wéllany of these initial deviceshowed
good selectivity and tunabilityhowever, most were designed for use in the

&8418% and used typical split ring resonator structure®ther

gigahertzregim
researctextendecthe absorption range out to the THz rediffié®®, 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 credkt for use in the infrarét! ', as seen in

Figure 4.13, and even visible regim&¥.
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N

/] /7
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Figure 4.13: Three different designs for infrared metamaterial absorblesét:
cross patterti, Center: square array of squarés andRight: triangular array
of circleg®.

These designs, espetjathe square and circular designs are scalable down into
the 10s of nanometer size dimensions using electron beam lithography or EUV
steppers. As suchithese designs are good datates for nealR
absorbergmitters and have shown good performance to date with high
selectivity approachingin-band absorptidemissionof near 100%as seen in

Figure4.14.
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Figure4.14: Upper Left: Emission for Al circular pattern on SiO2 dielectfic
Upper Right: Absorptivity of square lattice of circular poStsLower Left:
Absorption of square lattice of cros§8d.ower Right: Absortance of square
lattice of squares (upper panel is experimental, lower panel is simutdtion)

These examplesf nearlIR and midIR absorbers/emitterall show near perfect
simulationresultswhich matchthe experimentaresults quitewell. Typical full

width half max FWHM)v al ues ar e on t he Figured®Blr of
An additional advantage of MM emitters is that degican be tiled with different
designs to achieve different emission spectra. This could mean an emitter

designed to emit at multiple wavelengths correspondgiinthe bandgap in a
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multijunction cell. Another example is to design the emissivity of a Mihasch

the external quantum efficiency of gallium antimonide as seEigime4.15.*%
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Figure4.15: Emissivity of MM tiled pattern compared with EQE of Ga&8.

The problem with all oftese devices is temperature stability. Depending
on the heat source and device used, temperatures @add 100aL.500°C or
higher. This has been investigatedsome extenfor photonic crystal devices as
mentioned previously, althoudhere isstill 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’®® 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 changeas seen ifrigure4.16. This is to be expected because the response of
these devices is highly dependent on the different dimensions of the lattice

structure.
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Figure4.16: Absorbance ofnetamaterial structure before and after hedfifg.

It is the goal of this work to further investigate the performance of MM
emitters at high temperatures. Furthermore, this weeksto develop a highly

selective MM emitter capable of working at up to 1GDO
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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 eflecting subbandgap photons a portion of that thermal energy can be
recycled by the emitteand can also prevesbme parasitic heating. By reflecting
high energy abovebandgapphotons, thermalization of hot carriers can be
prevented minimizing furthgoarasitic heating. As such a band pass filter would
be ideal, however edge filters are alsdehefit One might consider filters to be
unimportant with the advances in selective emitters, however, they can still
provide a tangible benefit, especiallpee no emitter is absolutely perfect.

Pertinent to this work is the front surface filter (FSthese are simply
filters which are in contact with the top of theV diode, as opposed to resting in
the cavity of the TW system. They may be as sim@s a antireflection
coating, or more complex such as photonic crystal arrapere are many filters
which do not employ photonic crystals, such as plasma/interference fiit8fs
however, the filters disased 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 refractiohord Rayleighwas the first to investigate

these periodic mtitlayer dielectric stacksn 1887*° however, the field of
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photonic cryst al ¢duntiva ccmuytlater dueatb theggywork ofv e nt e
Yablonovitch and Joht???%* The first PhC structures operated in the microwave
regime, due to the difficulty of fabrication of PhCs gtical frequencies, such as
the 3D facecentereecubic PhC structurby Yablonovitchin 199G%. Advances
in microfabricationenabledoptical wavelength PhCshe first of which was
introduced by Kusswith a near infrared 2D PHE.
An example ofa 1D PhC filtercan be seen in the Si/SiQuarterwave
stack photonic cryst?% seénrirbiguredld | Thes® vi cds wo
structure exhibit good reflectigoropertiesyeflecing almost all photons between

1.7 and 3 to 3.5um, however past this the performance drops off.

Reflectance

it ot Ot -
M. S el 2 -

25 3 35 4 45

Wavelength (um)

Figure4.17: Left: SEM cross section of Si/S)PhC stackRight: Reflectance
of Si/SiG;, stack (top) and Si/Si stack (bottom). Not the high reflectance past
1.7um.

The Si/SiQ 10 layer1D PhC structurevas created using altexting polySi

deposition and low temperature oxide deposition both using LPCVD, followed by
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a high temperature annéal. This work also investigated th@mbination 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, althoughthere wasa slight decrease in power denbity 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 crysi#t®ugh

they have beegeared toward photovoltaic cells, not infrared é&l&°. A few

of these desigs are shown irfrigure 4.18. These are still relevarsince TPV

diodes are very similar to PV, except thewavelengthof operation.

Figure 4.18 Two types of PhC filters for photovoltaic applicationd.eft:
semiconductolattice with air pillars?®® Right: semiconductopillarsin air®

In order to determine the effect of these filters, one must not only examine how it

performs on its own, but its efft on the device it is designed to work with. Park
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et al**°

show improvement® polymer solar cells using a planarized 2D photonic
crystal. Figure4.19 shows thamprovements teurrent density and EQ&f the

solar cell from this workisingphotonic crystal filters.

Current Density (ma/cm’) Q)
o

o

0
00 01 02 03 04 05 06 07 300 400 500 600 700 800 900
Bias Voltage (V) Wavelength (nm)

Figure4.19: Left: 2D PhC patterrCenter: current density of PV device with
and without PhCRight: EQE of PV device with and without PHE.

Another group of PhC filters have been used to improve responsivity of
photodetectors. Theseleaky modedeviceshave been created using engineered
defects in a photonic crystal lattice, such as those seé&igime 4.20. These
irregularities create a resonance, allowing for aavaband transmission through
the bandgap of the PhC. For photodetectors, this results in increased responsivity

for a narrow band of wavelengtfis'#4

127



Figure4.20: Engineered defects in a PhC lattice to create a leaky’ode

The increasedarrowband responsivity can be seerfFigure4.21.

Responsivity / [a.u)]
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Figure4.21: Increased responsivity due to engineered deiacts PhC lattice.
The dshed line is the response from an unpatterened megeisample, while
the solid line is the patterned sampfe.

These devices have enabled a very high degree of selectiviphdbodetection

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 electrici¢s such, nordefect mode metallic
photonic cystals will be discussearesently

Non-defect mode PhCdevices were also originally developed for
photodetector applications, especially those operating in the midfar

infrared*® %%, Two exampls of these devices can be seeffrigure4.22.

Au-2DHA:a=2.8.3.0,32um

7o

{ )
’

\
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> e
|

Figure4.22: Two examples of metallic PhC structuréeft: hexagonal lattice
of circular hole&'®, Right: Squareattice of square featuré¥.

Typical responses of these devices can be seEigune4.23. 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 Ph@atterns. Notice in both
cases the increased responsivity with the P&

These works show that these structutem/e 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 devicEss wok 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 Merwé?*?%

They showed that misfits smaller than ~7% will be
compensated by elastic strain until a critical thickness is reached. amtlepany
others investigated this phenomenon of strain and misfit dislocations in epitaxial

crystal$®®, howeveri wasndt unt i | midfitedislecations yeret hat t he:
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engineered and used for controlled strain mitigatiBroneered by the Center for
High Technology Materials at the University of New Mexidoistmethod first
appeared in 2006 by Huang et*4l.where gallium antimonide was grown
epitaxially on gallium arsenideising 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 seénguare4.24.

EE o E s S BRIV,
.

misfit array

Figure 4.24: Left: Cross sectional TEM imagef GaSb on GaAs showing the
highly periodic array of misfit dislocations at the interfa¢&ight: HR-TEM of
the GaSbh/GaAs interta showing a periodic 90° misfit with a 56A spacitg..

This work was later characterized more detail by transmission electron
microscop$®’, structural analyst€®, and xray diffractiorf”. It was quickly
expanded onhowever, form the same year, Jallipalli et al. modeled these effects

for both the GaSb on GaAs sgst, as well as a AlSb/Si systéifi.
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Figure4.25: Top view of 3D plots of total energy calculated foeft: AISb/Si
andRight: GaSh/GaA$®

The AISb/Si system was characterized in more depth by Huang®t FEM

images of this interface can be seekigure4.27.

(a) XTEM, Alei on 5° ‘l)n_iscut Si (100) (b) HRTEM, AISb /5° miscut Si interface
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Figure4.26: Crosssectional TEM images of AlSb grown on Bfiscut Si (001)
substrate.
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GaSb quanturwell-based LEDs were constructred using W& array method

to creéaferafidddThHievyidevice

Figure4.27.
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Figure 4.27. Roomtemperature, cw characteristics of the VLED showing the
electroluminescare spectrunt>?

In addition to LEDs, aumber of laser designs have been maiegIMF

arrays.

1 . 8 2GaimSb/AIGSb quantum wellasersgrown on GaA&>%* (results of

These i nclude

which can be seen ifigure 4.28) ,

DBRs?%’

and

esseéntine d

at

1.55em G&'Sb/ Al GaSh

2em VECSELSs
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Figure 4.28: L-I characteristics of GalnSb/AlGaSb QW lasers. Inset is the EL
spectra®®

Other materials that have been researched using the IM erethod include
GaAs on GaSB®and strain layer superlattices grown on GaAs substratekhis
latter material system is very relevant to this whekcausehe designs for LWIR
TPV harvesters employ SLS materials.

So far only devices that emit light have been discussed, howesavork
is focused on TPV which is an absorbing device. Theve baena few papes
that explores the use of photodiodes using IMF arr&isarma et al. grew SLS
diodes on GaAs substratés and Nunna et alinvestigated GalnAsSb

photodiodes grownro GaAs substrates using the IMF technfjlie The latter
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papershows p-i-n photodiodes grown using IMF to have good crystalline quality.
The roomtemperature responsivity of thedevices can be seenkigure4.29.
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Figure4.29: Room temperature responstched ty curve of
IMF-based GalnAsSb/GaAshotodiode at zero bias (dashed black line) and at
-0.2V (solid red line).

These were photodiodes for photodetectors, whicity collect the
information in the light that is absorheb opposed to TPV devices which collect
the energy in the light Phdodetectorscan also be biased to increase their
responsgwhereas 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 tiem 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 topessible will be a novel result.f |
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devices using the IMF method are comparablatiain-free devices grow on
lattice matched substrates, tlwdl 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, seleetthermal 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 tlesults obtained in this work in

the same order as presented in the previous sections.
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Chapter5: T®IVmul &t Desi gn

This chapter will first discuss the results of simulation studies which are
necessary to determine the correct simulation methods tehasdhe simulation
results for SLS materials, simulations results for band alignment, and the design
of the TPV structures will be presente@@ark current simulations showing an
improved dark current densitgue to a barrier will be shown, as well as

calcultions 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 cCEfis.
first stepis to determine the materials to be used and second is to determine the
bandstructure of the device. For the former, simulations are performed to
determine the energy levels of InAs/GaSh strailagdr superlattice materiate
serve the purpose of atgpe absorbing layer, barrier layer, and atype contact
layer. The energylevels of these SLS materiaése simulated to obtairthe
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 adjacenaterials. Once the SLS materials have been
determined, bandtructure 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 ofs utmost
importarce. [ the simulated bandgap is incorrect by as little as 30 rtied/cut
off wavelengthmay beoffsetby up to several micronsesulting in norffunctional
devices As such studies were performed to find the most accurate simulation
method to match #hphysical growths performed at Fraunhofer IAF.

A number ofsimulationmethods were surveyed including the kfipk d o t
p Pmethod, theBastard modét*?*?*2 and theempirical pseudopotential model
(EPM), shown inFigure 5.1. Thesemodels yield relativig similar results,
howeverthe EPM and k:p methods were chosen for further investigatiins

was lased on theverlaid physical datavhich matched the EPM aridp most

closely
InNAs/GaSb bandgap vs. SLS thickness
0.45
0.4
——EPM
0.35 <
S ——BastardModel
@ 03
2 0.25 —o—kp
S 0.2 =e=growths from ref 123
2 0.
@ 0.15 == growths from ref 243
0.1 =0—growths from ref 244
0.05 fraunhofer growth
0
2 4 6 8§ 10 12 14 16 18 20 22
Thickness, x, for x/x SLS (ML)

Figure5.1: Survey ofdifferent SLS simulation methods
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An implementation othe kp methodwas written inMathematica with both a 4
and 8 band versionThe GaSb layer was held constant at 7 and 10 monolayers,
while the InAs layer was varied from 15 monolayers. This can ke seen in

Figure5.2.
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Ix.
> 180} 17
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Figure5.2: k.p method simulation for InAs/GaSb strained layer superlattices.

Simulation software for theuperlatticeempirical 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
108109123 The pand 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 waeserminedo be-151meV.%*
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Figure5.3 portrays the results of this simulation graphically, plotting the
calculated bandgap of the SLS matkrersus the measured bandgap of grown
samples. The bandgap was measured using photoluminesteahiteb.1 shows
the details of each sample simulated and fabricated for the SEPM compdtison.
details the thickness of each of the layers, both the expected thickness based on
MBE shutter times as &l as determined byigh resolution xay diffraction

(HRXRD), the relative lattice mismatch, and PL peak energy at 10K.
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Figure 5.3: fiCalculated bandgap energy at 77 K compared to the measured
photoluminscence peak at Hfor the set of ten superlattice samples described
in Table I with the inset showing the busy region enlaxy&d.
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GaSh Calculated HRXRD Relative PL Peak

oSk, Thckness Thiokness Thckness Ferod  Petod Latice - Energy

(nm) (nm) (nm) (nm) (nm) (A ) (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: fiindividual layer thicknesses calculated from the shutter times and
calibrated growth rates, thickness of one @riod 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 heterointerfaced”®

5.2 SLS simulation results

The SEPM method was chosen as the preferred simulation method due to
its superior accuracy when estimatithg energy levels of the grown superlattices.
The simulatioroutputs the fouenergy 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 kigure 5.4. The difference
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between the loweenergy conduction ban@B1) and the higheenergy valence

band( HH1) at t he U Ipcatedatkz=0isFiguréSel. bandgap,

InAs/GaSb SL-Ediagram
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Figure5.4: E-k diagram for an InAs/GaSb superlattice

Instead of plotting the complete-kEdiagram 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) feach material with a step size of 0.5 ML.
This data was then plotted Figure5.5. This figure showshe InAs/GaSb SL
bandgap (B1-HH1) at thegammapoint aslight black lines running fronthe top

to bottomwith the color gradient for emphasighe dark black lines are lines of

142



constant conduction band leveAs mentioned above, thiot wasobtained by
implementing the SEPM including sparbit interaction ands dependent on the
thickness of the InAs and GaSb layers withingbperlattice. The interface layers
included in fabricated devices for strain compensatvene notexplicitly taken

into accountin the SEPMcalculations. This is justified due to the type¢ band
alignment between InSb and GaSb and the minor influence of the GaSb layer

width on the SL bandgap for most compositiéis

Bandgap in eV
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0.20
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0.35
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0.50

ML GaSb

Figure55:Cont our pl ot of the I nAs/-GaSb superl at
point versus superlattice composition in monolayers of both constituent
mateials for a temperature of 77 K. aftér
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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 intarestthen following the
nearest boldblack line of constant conduction band level towards a wider
bandgap material to act as a barriefhis process is depicted iRigure 5.6
throughFigure5.9.

E,,, (meV)

20 ‘ ) :

170

ML GaSb

ML InAs

Figure5.6: Process of choosing materials with the proper energy levels to act as
absorber and barrier materials within a device.

Figure5.7 depicts the band alignment of the individual materials chosen and the
resulting bandstructure when they are brought together. If the parameters of the
barrier naterial are even slightly adjusted as showfigure5.8, it will result in

undesired barriers in the conduction band as showigure5.9.
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Figure 5.7: Band diagrams showing the absorber and introduction of a barrier
layer
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Figure5.8: Changing the parameters of the barrier even slightly can introduce a
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Figure5.9: Band diagrams showing that adjusting the parameters of the barrier

materid even slightly as shown iRigure 5.8 results in undesired barriers in the
conduction band.

Once the materiacompositios 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 baalignment of the device to ensure a high enough

barrier, while mairdining a smooth conduction band transition.
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5.3 TPV Designsand band alignment results

Two sets of samples were designed and fabricdiexigh collaboration
with the Center for High Technology Materials at thaversity of New Mexico.
These samples wefer 7em and &m cutoff wavelengths. Through collaboration
with Fraunhofer IAF, samples with 9.6, a n d cuibfd wanelengtls were
designed and thdOem sample along with a control and variations in band
alignment were fabricatedThe designs for the-Z0em samples along with the
band alignment simulation wibe presented in this section. The band alignment
simulations were performed with custemitten software irMathematicaas well
as the software package Sentaurus by Synopsys.

The designs follow the structure shownFigure5.10. 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 wiredin 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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Figure5.10: Structure for long wavelength TPV designs

A rough depiction of the desired full device bandstructure can be ségguire
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Figure5.11: Depiction ofentireLW TPV device bandstructure.
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5.3.1 7¢ nmTPV cell design

Using the output from the SEPM simulations, the specific superlattice
materials were chosen as shownFigure 5.12 and Figure 5.13 for a TPV cell

with planned cutoff wavelength oEim.

Data from EPM simulations

ML InAs |[MLGaSb |nmInAs |nm GaSb [total width (nm)[Eg (eV) [A (pm) CB_SLS [EA
. L L
p’n " S Sa 12 8| 3.634980] 2.426360) 6.06134{ 0.1765|7.0271095) 9.9605 4.7073| lnAS/GaSb

— ML InAs |[MLGaSb jnmInAs [hm GaSb [total width (nm)|Eg (eV) [k (um) |CB_SLS |EA
Barrler' SLSb 8 4] 2.42332 1.21318] 3.6365|0.255995| 4.845794 9.9547| 4.71330] lnAS/GaSb

Figure 5.12: Material data for the superlattice structures designed for ¢he 7
TPV cdl
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GaSb (8 ML/ 2.426 nm) GaSb (4 ML/ 1.213 nm) GaSb (8 ML/ 2.426 nm)

Stack Thickness = 6.4701 Stack Thickness = 3.9088 Stack Thickness = 6.4701
Effective Doping Effective Doping Effective Doping
SE15P 1E17 N 1E17 N or
5E17

Figure 5.13: Graphical representation of the superlattice structures used in the
7 nTPV cell.

Although the materials were chogerallowa smooth transition in the conduction
band, band alignment simulations watsoperformed to ensure and visualize the
conduction band offset as well as the valence Ibander height. A custom made

Mathematica simulation was used as showirigure 5.14 showing the gype
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absorber and -type barrier layers. A band alignment simulation was also
performed in Sentaurus as seefrigure5.15. 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 greateorthan
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 shouldoughly be the difference between the bandgaps ofvtbe
materials used. Botthé¢ Mathematicaand Sentaurusimulation yieleed a barrier

height of approximately 80meV.

P-SLS absorber N-SLS barrier

-Lx10~ -5.x10 ——

5x10°8 1.x10~

-200F

Figure 5.14: Band alignment of thee7 mTPV cell using custonMathematica
software
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Figure5.15: Band alignment of thee7 nTPV cell using Sentaurus by Synopsys.
This simulation shows from left to right: the GaSb contpcB, and n layers.

5.3.2 8¢ mIPV cell design

Using the output from the SEPM simulations, the specific superlattice
materials were chosen as shownFigure 5.16 and Figure 5.17 for a TPV cell

with planned cutoff wavelength o£8m
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Data from EPM simulations

ML InAs [MLGaSb |nmInAs |nm GaSb |total width (nm)[Eg (eV) [\ (um) |CB SLS |EA
: SL -
p" n S Sa 14 20| 4.240810|6.065900 10.30671(0.1550464] 8‘0008| 9.995) 4.673) I nAS/GaSb

o ML InAs |[MLGaSb |nm InAs  |nm GaSh }totalwidth (nm) [Eg (eV) A (Lm) CB_SLS EA
Barrier: SLSb 6.5 4{1.9689475) 1.21318| 3.1821275[0.2962892| 4.186787 9.9979] 4.6701] InAs/GaSb

Figure 5.16: Material data for the superlattice structures designed for ¢hm 8

TPV cell
P- absorber N- Barrier N+ contact
Repeat 278 times Repeat 38 times Repeat 10 times
(~3000 nm total) (~150 nm total) (~100 nm total)

InSb (1.473 ML / 0.4854nm)
InAs (14 ML / 4.2408 nm)

InSb (0.6842 ML / 0.2254 nm)
InAs (6.5 ML / 1.969 nm)

InSb (1.473 ML / 0.4854nm)
InAs (14 ML/ 4.2408 nm)

GasSb (20 ML / 6.0659 nm) GaSb (4 ML/ 1.213 nm)

GaSh (20 ML / 6.0653 nm)

Stack Thickness = 10.7921 Stack Thickness = 3.4075 Stack Thickness = 10.7921
Effective Doping Effective Doping Effective Doping
SE15P 1E17 N 1E17 N or
5E17 N

Figure 5.17. Graphical representation of the superlattice structures used in the
8¢ nTPV cell.

The band alignment simulationsrgts for the 8 mrPV cell are shown ifrigure
5.18 andFigure5.19. Both simulation methods show a smooth conduction band

transition and are in agreement for the barrier height of approximately 150meV.

P-SLS absorber N-SLS barrier

—Lax10~' T T — - £xl0~? Lalo~

=200f

Figure 5.18: Band alignment of theeB mrPV cell using custonMathematica
software
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Figure5.19: Band alignment of thee8 niTPV cell using Sentaurus by Synopsys.
This simulation shows from left to right: the GaSb contact, p, B, and n layers.

5.3.3 9e¢ mIPV cell design

Using the output from the SEPM simulations, the specific superlattice
materials were chosen as shownFigure 5.20 and Figure 5.21 for a TPV cell

with planned cutoff wavelength 8f ¢ .m

Data from EPM simulations

ML InAs ML GaSb[hm InAs  |nm GaSb [total width (nm) [Eg (eV) (um) CB_SLS  [EA
: SL
p,n: SLsa 15 23| 4.543725| 6.975785| 11.51951/0.1377267|  9.0070) 9.982 4.686 InAS/GaSb

) [MLInAs [ML Gasblam inas_ |om Gasb_Jotal width (nm) JEg(ev) [ wm) JeBsis  [ea |
Barrier: SLSb [ 7] 4[2.120405] 1.21318] 3.333585] 0.28198[4.399248]  9.9822] 4.6858 InAs/GaSb

Figure 5.20: Material data for the superlattice structures designed for ¢hm 9
TPV cell
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P- absorber
Repeat 250 times
(~3000 nm total)
InSb (1.576 ML / 0.5193nm)

InAs (15 ML/ 4.5437 nm)

GasSb (23 ML/ 6.9758 nm)

Stack Thickness = 12.0388
Effective Doping
S5E15P

N- Barrier
Repeat 38 times
(~150 nm total)

InSb (0.7368 ML / 0.2428 nm)
InAs (7 ML/ 2.1204 nm)

GaSb (4 ML/ 1.213 nm)

Stack Thickness = 3.5764

Effective Doping
1E17 N

N+ contact
Repeat 9 times
(~100 nm total)

InSb (1.576 ML/ 0.5193nm)
InAs (15 ML / 4.5437 nm)

GaSh (23 ML / 6.9758 nm)

Stack Thickness = 12.0388
Effective Doping
1E17 N or
SE17N

Figure 5.21: Graphical representation of the superlattice structures used in the

9¢ MTPV cell.

The band alignment simulation results for the TPV cell are shown ifrigure

5.22 andFigure5.23. Both simulation methods show a smooth conduction band

transition and are in agreement for the barrier height of approximately 150meV.

P-SLS absorber

N-SLS barrier

=Lx10~'

5.x10-F Lx10-

Figure 5.22: Band alignment of the€dmTPV cell using custonMathematica

software
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Figure5.23: Band alignment of thegd niTPV cell using Sentaurus by Synopsys.
This simulation shows from left to right: the GaSb contact, p, B, and n layers.

5.34 9.6 nTPV cell design

Using the output from the SEPM simulations, the specific superlattice
materials were chosen as showrrigure5.24 for a TPV cell with planned cutoff

wavelengtho® . 6.e m
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Data from EPM simulations

p,N: SLSa ML InAs ML GaSh
1L

Barrier: SLSb 5 i

nm InAs [nm GaSb [total width |[Eg (eV) |)\(|,1m) CB_SLS |EA
15 10| 4.5437] 3.0480] 7.5917 0.12898] 9.61777| 9.93204| 4.735957

ML InSb  |MLGaSb |nm InSb  |nm GaSb |total width |Eg (eV) A (um) CB_SLS [EA
2.7262] 1.2192 3.9454( 0.23316| 5.32038| 9.93204| 4.735956)

InAs/GaSb

InAs/GaSb

Figure5.24: Material data for the superlattistructures designed for the 8.6n

TPV cell

The doping for this design consisted oflD"* p-type for the absorber 30" n-

type for the barrier, andx10'° n-type for the n side contact layefThe band

alignment simulation results for tf. 6 R¥% cell are shown inFigure 5.25

showing a barrier of approximately 75meV

ConductionBandEnergy [
ValenceBandEnergy [eV]

0.03

=

=)

(]
I

I8V
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Barrier heig
~75meV

ht

0.4

Y [um]

Figure 5.25: Band alignment of the %6mTPV cell using Sentaurus by

Synopsys. This simulation shows from left to right: the p, B, and n layers.
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5.35 1 0 TV cell design

Using the output from the SEPM simulations, the specific superlattice
materials were chosen as showririgure5.26 for a TPV cell with planned cutoff

wavelength oflOe m

Data from EPM simulations

nm GaSbh

total width (nm)

Eg (eV)

(pm)

p,n: SLSa ML InAs

16|

4.84664

4.549425)

9.396065

0.124441

9.9685422]

ML InSb

Barrier: SLSb

nm GaSb

total width (nm)

Eg (eV)

(pm)

8

2.42332

1.21318|

3.636)]

0.2670)

4.6460597|

Figure5.26. Material data for the superlattice structures designed fot@em

TPV cell

The doping for this design consisted oflD"’ p-type for the absorbel,x10"" n-
type for the barrier, andx10"" n-type for the n side contact layeiThe band

alignment simulation results for tie. 6 §R¥ cell are shown irFigure 5.25

showing a barrier of approximately 75meV.




ConductionBandEnergy [
ValenceBandEnergy [eV]
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Figure 5.27 Band al i gnmeTPV cell fusing BeataurlisOlyy m
Synopsys. This simulation she 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 iidd of a barrier does in fact decrease the
dark current of the deviceThis is beneficial because reducing the dark current
improves photovoltaic efficiency.This is evident inEquation5.1 which states
that the output current of a device(\), is the difference between the light

generated current Jsc, and the diode dark current.
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The simulations were performedsing inrhouse software taccountfor
diffusion current and generatigrcombination current as detailed in section
3.5.5 Figure5.28 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 modifiso that the barrier more fully

occupies the spaagharge region (SCR).

Na,=1*10"® (1/cm?), Nay=1*10"% (1/cm?),
Ndy=5*1015 (1/cm?), Ndy,=5*10"% (1/cm?),
T=77 K, Eg=124 meV, 1,=40 ns T=77 K, Eg=124 meV, 17,=40 ns
AE,=0 meV AE,=300 meV
Absorber N-part Absorber N-part

SCR SCR

Figure 5.28. Simulation parameters argpacecharge region (SCR)egion for
Left: homojunction case arRRight: heterojunction case.
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Figure5.29: Dark current simulation resulfsr doping levels shown ifigure
5.28.

Figure 5.30: Band alignment simulations showing theplrt barrier occupying
more of the SCR.
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