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Abstract

Photonics is the study of thpropagation and interaction of light and
matter. This research aims to utilize the general field of photonics to optimize
multiple stages of a thermophotovoltaic energy generator as well as create a
dynamic polarization sensitive surface for use in phetxtion technologies. To
accomplish these sizable goals multiple types of photonic structures and devices
have been studied and characterizeduding hightemperature metamaterial
emitters, 2dimensional photonic crystal filters, dynamic metamaterial
polarizationilters, and interfacial misdfit array photodiodes The goal of this
researchis to provide a sees of cutting edge building blocks which could be
integrated together in a variety of different applicatioie results of this work
havepotential applications ranging from photodetectittnphotonic filtering to

renewable energy generation.
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List of Figures

Chapter 1

Figure 1.1.1Normalized solar spectrum, over 50 percent of incident photons are
in the infrared™

Figure 1.1.2:Visualization of the propagation of a photon. Blue represents the
magnetic field and red represents the electric field. Both the E and B field are at
90 degrees to each other.

Figure 1.1.3 Reflection off of a smooth surface. The majority of TE polarized
light is reflected, while the majority of TM polarized light is transmittedahd
N> correspond to different indexes of refraction.

Figure 1.2.1 Diagram of a TPV device. Left is the diode stage and filter stage,
middle is the emitter stage, and right is a broadband energy source.

Figure 1.2.2:The IR wavelength range with the corresponding black body
temperature and typical photodiode materials which operate at that waveféngth.

Figure 1.2.3: Cost Assumptions for a TPV device used in a cost per watt
calculation.

Figure 1.3.1:Metamateriabbsorber response as compared to existing
technologies. The high absorption and narrow band peak (red) may provide many
advantages over the broadband response currently employed (blue).

Chapter 2

Figure 2.1.1.1:The splitting of orbitals into energy bdsat low interatomic
distancest!”

Figure 2.1.1.2:The allowed and forbidden regions as s function of energy and
atomic spacing®

Figure 2.1.1.3:The conduction and valence bands of silicon along with the
different energy band§

Figure 2.1.1.4 Hole formation. The excited electron leaves the valence shell and
can then move more freely within the semiconductor as part of the conduction
band. This creates a positively charged hole. The electron and hole can
recombine if they meet and the efect loses its excited enerd}f!



Figure 2.1.1.5:Direct (a)(b) and indirect transitions (c) . There is a different k
value for indirect transitions leading to heat or vibration transfer of energy to the
lattice in order to complete the transition. it transitions do not interact with

the lattice and therefore there is not energy lost to lattice vibratitns.

Figure 2.1.1.6:The Fermi level with respect to changing temperature: As
temperature increases there are more electrons in the condwiidmlwvever,
there is never a change in the total number of electrons within the mé&t&rial.

Figure 2.1.2.1:all three materials are neutral in charge, however the doping
process creates areas where there are local positive (gallium) and negative
(arsanic) charges within the latticE”

Figure 2.1.3.1: a) p-n junction with an ohmic contab) mesa junctiort)
diffused planer junctiod) ion implanted junction with contact®!

Figure 2.1.3.2:the charge distribution of ampjunction. Notice that there are
positive charges in thetype material and negative charges in thgge material
creating a potential across the junctith.

Figure 2.1.3.3:Band diagram of a diode. The barrier isdéon the potential
barrier . (1 eV is equal tg(1 Volt)).

Figure 2.1.3.4:Applying a forward or reverse bias voltage changes the magnitude
of current flow into the diode by lowering the potential between the conduction
and valence bands of the n and p type semiconductors. The lowered potential
changes the depletion with as Weéf*!

Figure 2.1.3.5: Ideal dark diode equation as a function of applied voltage. The
total current shifts when optically generated and thermally generated carriers are
introduced. However, these concepts are introduced below with PV and TPV
photaiodes.

Figure 2.1.4.1:The ideal diode equation with the addition of optically generated
carriers. The open circuit voltage and short circuit current are marked.

Figure 2.1.4.2:Indirect transitions and the two step transition of a conduction
electronto the valence band. Notice that this can also be modeled as an electron
losing energy to fall into the defect center and then losing more energy and
transitioning back into the valence bafig.

Figure 2.1.4.3: Recombination types and correspondingprabination rates as

well as the effects on open circuit voltage and short circuit current. These are at
both low level and high level carrier injectiofs.
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Figure 2.1.4.4:The Fill factor is the area formed by multiplyikg, by Imp
divided by the ar@ under the total current curve.

Figure 2.1.4.5:Representation of aipn photodiode.

Figure 2.2.1.1 Four quadrants defined using positive and negative permeability

and permittivity. Quadrant 1 consists of dielectrics such as optical waveguides,

Quadrat 2 consists of metals, Quadrant 3 consists of magnetic materials such as
ferrites, and Quadrant 4 is the | ocation o
metamaterials.

Figure2.2.1.3Depi cting the Al eft handedo and Arig
(blue) at arinterface using Equation 2.2.1'8.

Figure 2.2.1.4 The propagation of light derived from the wave equation
separated into quadrants based on the sign of the permittivity and permeability.
Quadrant 1 and Quadrant 3 allow for the propagation of li@itadrant 2 and
Quadrant 4 create exponentially decaying evanescent waves.

Figure 2.2.1.5 First experimentally verified metamaterial structfe.

Figure 2.2.2.1 A dynamic MM structure, when electrons are excited within the
Si layer, the split gapdgins to act as a larger capacitor, altering the MM
response®?!

Figure 2.2.2.2:A Schottky diode, notice the exponential increase in current at
positive bias and constant current at negative biases.

Figure 2.2.3.1:0ne dimensional photonic crystal (left), Two dimensional
photonic crystal (middle), Three dimensional photonic crystal (rifht).

Figure 2.2.3.2:Left the lattice constants of a photonic crystal, they are defined as
a vector based on the x and y plafReght reciprocal lattice constants in
momentum spacé’

Figure 2.2.3.3:The light lines as a function of frequency and the wave vector for
three sructures: bulk GaAs (left), GaAs and GaAlAs alternating layers (middle),
and GaAs and Air alternating layers (right). Notice the increasing photonic band
gap with increasing variation in index of refractifi.

Figure 2.2.3.4:A two dimensional photaa crystal with the periodia value and
rod radiug.l®

Figure 2.2.3.5:Two dimensional photonic crystal of veins for TE polarizations

[(ge]ft) and a two dimensional photonic crystal of rods for TM polarizations(right).
7
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Figure 2.2.3.6:Left: Imageshowing the rod areas which support a TM photonic
band gap and the vein areas which support a TE photonic baridigapThe

band structure of the two dimensional lattice shown in the inset. The blue shaded
region is the irreducible Brillion zone andipts G , M, and K are the points of

high symmetry’®!

Chapter 3

Figure 3.1.1 Three examples of PhC tungsten emitter technologefsand
Right log cabin PhC emitter desigh&!"?Middle s quare fdveind patter
alter the TE optical modE?

Figure 3.1.2 Spectral response of the PhC on left. Notice the much higher
spectral response at 1.7um as compared to that of un patterned tuffjsten.

Figure 3.1.3 Simulated results of a Ta PhC emitter with various etch depths and
hole radius®®¥

Figure 3.1.4:Left: perfect absorber square lattice featufésMiddle: perfect
absorber circular structur€8 Right: perfect absorber cross structufés.

Figure 3.1.5:Left measured absorption of an Au cross patfétividdie:
measurecbsorption of an Au square pattéfff Right: measured absorption of
an Au circle patterf®

Figure3.1.6iEx per i ment al wverification of Kirchoff
emitter at different temperatur€g’

Figure 3.1.7 Multiple sizes of a Aurmss MM pattern tiled in order to combine
resonances and produce a broad MM resonance’$dak.

Figure 3.1.8:The optical response of the same MM structure before (left) and
after (right) deformation due to heatifj!

Figure 3.2.1:Left: False color TEM of the S$iO 1D PhC. Togight:
Reflectance of S6i0 1D PhC. Bottonright: TPV efficiency incerase with
implimentation of the 1D Phc8 1108]

Figure 3.2.2: Three types of semiconductor PhCs used as ARCs and filters for
PV techmlogies. Left and Right: Semiconductor with air rods. Middle:
Semiconductor rods in air structufg2t131115]

Figure 3.2.2:Left: measured absorption with the addition of a PhC. Right: The
spectral quantum efficiency of a photodiode with and witlac2 PhC!*1114]
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Figure 3.2.3:Two variations of defect modes within a PhC lattlogft A single
hole is removed crating the defect moR&ht: this pattern consists of multiple
hole radii and missing holes in order to create polarization setysiti**??

Figure 3.2.4 The spectral responses of defect mode PhCs, the largest amplitude
corresponds to the defect resonamhesdt: Spectral response of a single defect
mode. Right spectral response of multiple polarizations with multiple defect
mOdeS.[lzo] [122]

Figure 3.2.5:Three types of metallic PhC patterneft Square PhC*!
Middle: Hexagonal PhC pattef?® Right: Square PhC pattefi?®

Figure 3.2.6:Improvement of spectral response, responsivity, and photoresponse
due tothe addition of a metallic PhCeft hexagonal PhC pattefi2®! Middle:
square PhC¥?!Right square PhC patter}?®

Figure 3.2.7:Increase in responsivity and wavelength shift due to the addition of
a SiN layer deposited via CVD. This response is predicted to be due to an ARC
effect.[*?4l

Figure 3.3.1:Top strained layer with no IMF present, the top GaSb layer has a
longer lattice constant in thedirection and shorter in thedirection leading to
dislocations as thickness increasBettom IMF layer with every 1% atom

missing at the interface. The result is a strain free GaSbl&er.

Figure 3.3.2 Left: The addition of an IMF layer produces a uniform material
above the GaSb/GaAs interfagdght: Dark lines represent threading dislocations
not found when the IMF layer is preséhit’

Figure 3.3.3 Left: electroluminescence of a VLED photodiode showing a narrow
bandgap of the GaSb laydright Responsivity of a photodiode using an IMF
layer. 137][141]

Figure 3.3.4 VECEL performance of a latticed match substrate (blue) and that
with an IMF layer (red)™**®!

Figure 3.3.5:Left IMF material growth showing no threading dislocations.

Middle: A threading dislocation appearing near thgeedf an IMF growth.

Right large numbers of dislocations forming when no IMF layer is pre$&ht.
Figure 3.4.1.1:Left: SRR patterns produced at scales under 1um in length. Right:
resonance response of these small SRR deVié@s.

Figure 3.4.1.2:Incremental modification of a SRR device into thin nbacs.
These structures provide the bases for the split wire pair MM strulfdte.



Figure 3.4.3 A fishnet MM devices consisting of two metallic layers with a
dielectric spaceft’®

Figure 3.4.1.4 Left simulated transmission and reflection characteristics for a
silver MM fishnet structur€’® Right Experimentally obtained reflection and
transmission characteristics for a silver and silicon fishnet d&4Wn.

Figure 3.4.1.5:Top: Trarsmission and reflection of a SWP MW Bottom:
SEM image of a SWP MM along with experimental and simulated transmission

[res]ults. Notice the notch filter type transmission obtained with the SWP structure.
184

Figure 3.4.1.6 Left crosssectional image of a typical metallic grating
polarization filter.Right transmission of each polarization, notice the large
transmission for polarized light and large reflection fopslarized light at all
frequenciesi*®!

Figure 3.4.1.7:Left: Each MM structure in the polarizer device. The SRR and
SWP utilize the semiconductor and the sgép and the fishnet is made up of the
semiconductor/Schottky barrier/metal stack as opposed to the traditional
metal/dielectric/metal stacRight: expected transmission response of the
polarization grid. The SWP and SRR act as a notch filter and thadts$tructure
acts as a band pass filter.

Figure 3.4.2.1 Left a split ring resonator with highly doped Si located at the
split-gap, optical pumpingicreases the carrier concentration in the Si. The result
is a larger capacitance across the split gap and an altered MM resdjfbRsght
A SRR on a highl doped substrate th

the split gap, altering the MM sponsé®®

Figure 3.4.2.2:Left As the Si gains charge carriers, the resonance frequency of
the MM structure is shifted®” Right as the split gap i s
resonance is removed, not simply shifted to another frequétiey.

Figure 3.42.3 Left voltage controlled SRR MM structure designed to increase
resonance by depleting the sgjip regior? Right voltage controlled SRR

MM designed to alter the capacitance of the split gap (not creating a short) in
order to alter the resonanftequency?®

Figure 3.4.2.4 Left Applied voltage used to increase the MM resonance by
creating a charge depleted region in a doped semiconductor. Resulting in
increased transmissi¢ti” Right Applied voltage used to shift the MM response
using acharge depletion regidff*

Figure 3.4.2.5 Left Thermally tuned dynamic MM, the optical split gap can be
Aishortedo using ther mé&Y Right MEMBMM at e d

e opti

fishor

charge



structure, one arm of the cross can be altered physically to charmgsdhance
frequency?®”

Chapter 4

Figure 4.1.1.1:Yew Square with the electric field vectors located in the center of
the edges in the direction of the blue arrows. The magnetic field vectors are
located in the center of the faces and in the dire¢ttaards the middle of the

cube.

Figure 4.1.1.2:Original vectors and the vectors located one unit step to the right.
If the unit cell was one above (in tkalirection) or behind (in thedirection),
then thek andj units would be indexed by one.

Figure 4.1.1.3:The electric and magnetic field vectors in time. The variable
represents the current time; therefotel represents a future time step antl
represents a past time step.

Figure 4.2.1.1:Substrate oxide chemical cleaning list.

Figure 4.2.2.1:Left: A Suss MJB4 Mask AligneRight: The OAIl Model 204IR
Mask Aligner. Shown are the microscope objectives and monitors for mask
alignment. Also, the mercury lamp and sample/mask holder are $HE®Y!

Figure 4.2.2.2:Left: example of a pbtolithography mask chromium is
represented as bladRight: Positive photoresist (circle) after exposure and
development.

Figure 4.2.2.2:General processing notes for all photoresists use. Note that all
development times are using MFD 26 developer

Figure 4.2.2.4 A thicker resist allows easier penetration of the developer.
Figure 4.2.2.5:Metallization patterned using photolithography. Light pattern is
gold, darker pattern is the GaSb semiconductor substrate after removal of
photoresist.

Figure 4.23.1: Raith 150 electron beam lithography system. The system
includes software controlled pattern Senerator, field effect scanning electron
microscope, and 20 keV electron souféé.

Figure 4.2.4.1 Denton Ebeam evaporator. The sample chamber, tatfuygnber,
and connector are indicatétt?
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Figure 4.3.4.2 Typical Schottky and ohmic contact characteristics. Schottky
contacts typically allow less current to flow due to a conduction band barrier, as
an external bias is applied, this barrier shrjrsfowing greater current flow as

well as a noflinear response. Ohmic contacts are designed to have very little
barrier between the semiconductor and metallization, the result is high current
flow and little electrical resistance.

Figure 4.2.4.3 E-Beam thermal evaporator metallization recipes used.
Figure 4.2.4.1:Process parameters summarized for CVD applications.

Figure 4.2.5.1:Reactive ion etchinglop Left:Reactive gases are introduced to

the chamber and a plasma is created using these ghsegases then react with

the surface of the sampl&op Right:The plasma imparts enough energy to the
reacted chemicals to allow the reactive chemicals to bond to the substrate and
then are released as gas molecules to be removed from the cHaottzen:the

process is continued until the desired etch depth is reached. The resulting trench is
very anisotropic due to an applied voltage between the substrate and plasma.

Figure 4.2.5.2:Etch parameters used during device fabrication.

Figure 4.3.1.1 The process from which features are resolved using an SEM
backscatter detector. There are many more secondary electrons produced at
surface features resulting in more electron flux on the detector. Thus an image is
produced??”

Figure 4.3.1.2 Left inlens detector used to image a GaSb aperture surrounded by
Au. Right SE2 detector used to image the same apéfitre.

Figure 4.3.1.3 Diagram of an SEM with both inlens and SE2 detectors, stigmator
and focusing controls, lenses, apertures, and @srgoftward®>”

Figure 4.3.2.1:Two types of FTIRsLeft: Jasco Microscope reflection FTIR

using a cassegrain lens aIIowin(]:; for reflection measurements averaged at angles
from 25 degrees to 45 degre€8” Right: Thermoscientific FTIR allowing for

normal incident transmission measurements and near normal reflection
measurements (10 degre&83

Figure 4.3.2.2 The Michelson interferometer of an FTIR. The interference
pattern formed due to the light source and moving mirror allows for wavelength
resolution through frequency domain measurements.

Figure 4.3.3.1 Solar simulator capable of optical intensities frohOlsuns

calibrated using a reference cell. Thé imeasurement is then obtained using the
source meter.
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Figure 4.3.3.2 The sample stge of the solar simulator where a PV or TPV diode
can be connected to the source meter using menoipulators.

Figure 4.3.4.1:Photoluminescence setup. Light emitted from the HeNe laser is
first chopped. Then the incident intensity can be alteredanmbutral density

filter and focused onto the sample using a lens. Any photoluminescence from the
sample is collected by another lens and focused on the monochromator. The
monochromator allows only one wavelength through to the detector at any
moment. The signal is then recorded by the detector.

Figure 4.3.5.1 Electroluminescence setup. The sample is excited using a
function generator. The resulting electroluminescence is collected by lenses and
optically chopped. A monochromator then scans threugdt wavelength range
with a photodetector collecting the electroluminescent signal.

Figure 4.3.6.1 Depiction of a variable wavelength ellipsometer. White light is

filtered with a monochromator to a specific wavelength. The light is then linearly

polaiized and guided through a quarter wave plate resulting in circularly polarized

light. The circularly polarized light is incident on the sample which causes a

pol arization change dependent on the sampl

Figure 4.3.6.1:The J. A. Woollam Sgctroscopic Ellipsometer. Shown is the
sample holder, rotation stage, polarizer, quarter wave plate, analyzer, and
photodetectof!

Chapter 5

Figure 5.1.1 A list of potential materials for use in a high temperature TPV
emitter. The four most promigyj materials are highlighted in grey.

Figure 5.1.2 MM emitter structure: circular Pt MM features, alumina dielectric
spacer, and Pt back grounding plane.

Figure 5.1.3:An Au MM absorber constructed to operate at a wavelength of
1500 nm. Absorption was tested at room temperature using an ellipsometer at 15
degrees from normal incidendaset MM design.

Figure 5.1.4:Top. Au MM pattern before heating to 360 “Bottom MM
pattern after heating to 360 °C. The dark shapes represent areas where the gold
and silicon combine in an eutectic.

Figure 5.1.5 Left Absorption measured before and after heating. The formation
of the eutectic causes a complete loss of MM absorglven though the

patterned elements are presdtight Optical image of MM patterned samples
with and without heating.
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Figure 5.1.8 Simulated results of a Pt MM absorber.

Figure 5.1.7 Surface current at three points in the Pt prefect absorberagtack
resonance (8 umJ.op Left the top of the Pt rod.op Right the Pt rod/AlO3
interface Bottom Middle the ALOs/Pt grounding plane interface.

Figure 5.1.8 The Efield at three points in the Pt prefect absorber stack at
resonance (8 umJ.op Left the top of the Pt rodlop Right the Pt rod/AlO3
interface Bottom Middle the ALOs/Pt grounding plane interface.

Figure 5.1.7 Pt nanerods deposited on 20 nm of &3 with a 100 nm Pt
grounding plane.

Figure 5.1.8 Reflection data taken from the prfect absorber MM of figure
5.1.4.

Figure 5.1.9 Absorption measurments for three MM structures with varrying
radus and spacer thicknesses. Notice the read peak at 800 nm.

Figure 5.1.10 Emissivity testing setup. The sample is heated using a temyeerat
controller; the emission is then collected using collimating lenses and optically
chopped. The chopped signal is filtered with a monochromator and then collected
with a photodetector.

Figure 5.1.11 Emission at 500 °C. This temperature is not kgbugh to
exhibit strong optical emission in the visible, as such a very noisy signal is
observed.

Figure 5.1.12 MM response before and after heating. A temperature of 500 °C
caused an altered absorption pattern with and without a MM pattern as well as
strong discoloration in the sample.

Figure 5.1.13 After heating the MM pattern is intact, however there appears to
be significant damage to the thin,8% layer.

Figure 5.1.14 Absorption results from the Pt/&b,/Pt on sapphire MM structure.
BlueDash Simulated absorption resulBlue Line Absorption at 15 degrees
from normal incidence before heating to 650 Réd Line Absorption at 15
degrees from normal incidence after heating to 650 °C.

Figure 5.1.15 Pt/Al,Os/Pt on sapphire MM structurkeft Before heatingRight
after repeated heating to 650 °C.

Figure 5.1.16 Emissivity as a function of wavelength as well as absorption
obtained using an ellipsometer after repeated heating.
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Figure 5.2.1:Spectral content and pulse time of the Lumerical Simulation
Source.Top pulse intensity as a function of timdiddle: Intensity of Efield as

a function of wavelength content (notice black body curve and peak wavelength
of 1. Bottamijtensity d E-field as a function of frequency content.

Figure 5.2.2 Representative structures tested in this section. Ogis 88 an
ARC, a GaSh PhC, and GaShigj PhC were fabricated and tested.

Figure 5.2.3 Predicted absorption increases using FDTD sitiarasoftware.
Notice the lack of improvement with the addition of a back reflecting plane.

Figure 5.2.4 Comparison of absorption with the addition of a back reflector. The
resulting interference pattern decreases absorption as shown in Figure 5.2.3.

Figure 5.2.5 Fabricated PhC pattern shown under scanning electron microscopy.

Figure 5.2.8 Absorption data of substrates with no ARC determined from
ellipsometry at an angle of 23 degrees from the surface normal.-&kis y
represents relative absarpt as feature sizes were much smaller the measured
background spectrum causing errors in absolute magnitude.

Figure 5.2.7 Absorption data of substrates with SIARC determined from
ellipsometry at an angle of 23 degrees from the surface normal. -&kis y
represents relative absorption as feature sizes were much smaller the measured
background spectrum causing errors in absolute magnitude.

Figure 5.2.7 Diode structure used with a metallic PhC structure.

Figure 5.2.8:SEM image of PhC enhanced dioteft the edge of the aperture is
shown and the PhC acts as a continuation of the ohmic coRtigtit PhC
pattern over the center of the photodiode.

Figure 5.2.9:1-V curve of a GaSb photodiode with and without a PhC. This data
was taken from theasne diode in order to maintain consistency with processing
and +V characteristics.

Figure 5.2.10 The resulting performance metrics of the PhC enhanced GaSb
TPV diode stage. Of particular note is thgrhax power, and conversion
efficiency, which reslt from an increased number of photogenerated excitions.

Figure 5.3.1 Two structures grown using molecular beam epitakyp R9-81 is

a GaSb junction grown on GaAs with a IMF lay&ottom R9-86 is an identical
junction grown on a GaSb substrate.
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Figure 5.3.2 XRD data for the IMF layer. The measured lattice constant for the
R9-81 was consistent with a GaSb on GaSb junction.

Figure 5.3.3 photodiode fabrication process. The sample is first etched to the
bottom contact and then coated withNgi The SN, is then etched leaving

behind a layer of sidewall passivation. Finally the contacts are metalized to create
a photosensitive structure.

Figure 5.3.4 Insert Image of a TLM pattern on the top contact layBttom
Ohmic contact-V curves forR9-81 top contacts using various circular TLM
patterns.

Figure 5.3.5 Standard photodiode mesa patterns.

Figure 5.3.8 Left comparison of the R86 photodiode and R81 photodiode.
Right relative }FV characteristics.

Figure 5.3.8 Apertures ranging from 30 um to 300 um fabricated to test relative
surface recombination rates.

Figure 5.3.7 Top: Aperture 4V curves obtained for the GaSb on GaSh&89
sample. Bottom:-V curves obtained for the GaSb on GaAs with IMF layer.

Figure 5.3.8: Current densities obtained from the apperature diode set for the R9
86 (Top) and R981 Bottom) sample set.

Figure 5.3.9 Spectral response from 800 nm to 2000 nm, the high noise is due to
low optical transmission in the filtering grating of themochromator.

Figure 5.3.10 Optimized Structure to fther test benefits of using an IMF layer.
These designs consist of a three sample group. Sample 1 is shown above. Sample
2 adds a IMF layer between layer 0 and 1. Sample 3 replaces layer 0 with a GaSb
substrate.

Figure 5.3.11:Optimized growth is simulated to perform with a higher efficiency
as well as provide better crystal quality due to a lower dogggdencontact
region.

Figure 5.4.1.1 Metamaterial pattern, substrate, and semiconductor lagdrtas
create a dynamic MM response.

Figure 5.4.1.2 Simulated transmission characteristics of the MM polarization
grid. Purple is the Polarized transmission and green is thpdfarized
transmission. Highlighted in a black square is the resonance fr@gaéthe MM
for each polarization.
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Figure 5.4.1.3:Magnetic field and surface current at the Au/GaAs interface. For
each pair, top images are vector and bottom images are magifibypdeeft Off
resonance (66 THz)-Xolarized surface current directiand Hfield magnitude.
Top Right Off resonance (66 THz)}Yolarized surface current direction and H
field magnitudeBottom Left X-polarized surface current direction andield
magnitude at resonance (60 TH&httom RightY-polarized surface current
direction and Hfield magnitude at resonance (57.5 THz).

Figure 5.4.1.4:Electric Field at the Au/GaAs interface. For each pair, top images
are vector and bottom images are magnitliog. Left Off resonance (66 THz)
X-polarized surface current directiand Hfield magnitudeTop Right Off
resonance (66 THz)yolarized surface current direction andield magnitude.
Bottom Left X-polarized surface current direction andiéld magnitude at
resonance (60 THzRottom RightY-polarized surface currenirdction and H

field magnitude at resonance (57.5 THz).

Figure 5.4.1.6 Experimental transmission for X andpolarized light obtained
using FTIR data.

Figure 5.4.1.7 Static transmission Characteristics comparing simulation and
experimental data at tmesonance frequency (61 THz).

Figure 5.4.1.8 Top Left effective permeability and permittivitf.op Right the
effective index of refraction of the MMBottom Left Real and imaginary
permittivity valuesBottom RightReal and imaginary permeability values.

Figure 5.4.1.9:Top Left effective permeability and permittivitfop Right the
effective index of refraction of the MMBottom Left Real and imaginary
permittivity valuesBottom RightReal and imaginary pereability values.

Figure 5.4.1.10 Experimental demonstration of MM scalability. When the
pattern size is in one direction, the corresponding polarization resonance peak is
also altered.

Figure 5.4.1.11 The MM response is removed as the thickness obH®&s layer
is increased.

Figure 5.4.1.12:Doping dependence of MM response. There is a-$tifé
experienced with increased doping levels, as well as a decrease in transmission
consistent with higher conductivity.

Figure 5.4.2.1 Dynamic Simulation rgults obtained by altering the conductivity
of the GaAs layerTop Y-polarization.Bottom X-polarization.

Figure 5.4.2.2 Simulated and ideal on/off and polarization ratios at 60 THz.
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Figure 5.4.2.3 Ohmic contact measurements for four potential satestrwith
doping levels of <1x1¥cm?, 5x10°cm, 1x138cm, and intrinsic GaAs on
sapphire.

Figure 5.4.2.4 Schottky contacts fabricated on three substrates with doping
levels of <1x16°cm?, 5x10°cm?, 1x13%cm?, and intrinsic GaAs osapphire.

Figure 5.4.2.5 Left linear TLM patterns used to test ohmic contact recopies.
Right top square is the Schottky diode
This structure was used to test the Schottky response.

Figure 5.4.2.6 MM pattern wth Schottky contact and ohmic contact bad. The
structure was constructed in such a way as to reduce noise when transmission
measurements were performed.

Figure 5.4.2.7 Left: image of the arevelded sample after testing. Right SEM
image of the two conti pads and short formed due to the weld.

Figure 5.4.2.8 The addition of SN, to the MM patternLeft: SEM image
showing the SN4, metamaterial, and exposed GaAdight fully constructed
MM pattern with SiN4 layer, metamaterial, GaAs layer, and @mpads.

Figure 5.4.2.9 CurrentVoltage characteristics for three highly dopetype
GaAs thin films grown on a sapphire substrate. At an applied voltage of 20 V the
max current obtained is 0.5 mA.

Figure 5.4.2.10 Contact tests for thin film GaApeaxially grown on sapphire.
At an applied voltage of 20 V, the maximum current generated is 0.8 mA and is
generally consistent between all contact recipes attempted.

Figure 5.4.2.11 SEM images of the MM surface after identical processing
techniquesLeft Bulk GaAs commercially obtained wafekliddle: Undoped

GaAs grown using MBE on sapphirRight Highly doped (1x1& cm® doping)
GaAs grown using MBE on sapphire. Both Middle and Right surfaces should be
smooth as shown in the Left image.

Figure 5.4.2.12Metamaterials mounted in the chip holder and Wwivaded to
the outside contacts.

Figure 5.3.2.13:Left Fully mounted MM in the FTIRRight leads are attached
to the ohmic and Schottky contact pads and an external bias is applied.

Figure 54.2.14 Dynamic results obtained using very high resistance contacts to
highly doped GaAs on Sapphire.
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Figure 5.4.2.15 Dynamic results obtained using 5x16m*>doped DSP GaAs
with a MM pattern. The results demonstrate dynamic transmission charaxgerist
(3% decreases in transmission) for materials not at resonance wavelengths.

Figure 5.4.2.16 Simulated alteration in conductivity needed for the GaAs on
sapphire metamaterial to achieve a 3% drop in conductivity at wavelengths
demonstrating bulk propges and not MM resonant frequencies. Using this data
the expected change in conductivity with an applied bias is 3,000 S/m.

Chapter 6

Figure 6.1.1 Design of the high temperature thermal emitter. Three designs were
constructed and testeBample 1Pt radius of 91 nm, AD3 of 20 nm.Sample 2

Pt radius of 72 nm, AD; of 20 nm.Sample 3Pt radius of 91 nm, AD; of 10

nm.

Figure 6.1.2 Simulated AbsorptionPurple Absorption of 72 nm radius Pt rods
with 20 nm of AbOs. Red Absorption 0f91 nm radius Pt rods with 2@6m of
Al,0s. Blue Absorption of 9Inm radius Pt rods withO nm of ALOs.

Figure 6.1.3 Left the incident radiation creates a surface current in the
metamaterial structure. This current is isotropic as to effect all incident
polarizations.Right: the electric field within the structure is also altered in the Z
direction. The effect of both characteristics is an altered permeability and
permittivity.

Figure 6.1.4 Fabricated deviced.eft 10 nm ALO; insulation layer Middle: 20
nm Al,Oz insulation layerRight 20 nm ALOs insulation layer (scale inset).

Figure 6.15: Left 45 degree angle of 10nm thick,8k sample Right: top view
of same sample.

Figure 6.1.6: Experimental Absorption.Black Check Baxsimulated absorption
peaks obtained for all MMs, of note is the relative intensity for each gelaick

Box Experimental absorption for each structure. The relative intensity as well as
resonance wavelengths, matches that of the simulated results.

Figure 6.1.7 Top Emission testing results at 500. It is unclear if noisy signal
was completely due to low thermal energy density or of if heating damage
reduced signal qualityBottom Absorption response before and after heating of
MM to 500°C.

Figure 6.18: Left: SEM image after heat testing to 5@. Right: Same structure
before heat testing.
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Figure 6.1.9 Measured absorption before heat cycling and after 4 cycles to
temperatures exceeding 6800, the simulated MM response is also shown.

Figure 6.1.10 Left Metamaterial structuredfore heatingRight Same structure
after repeated heating to 63G.

Figure 6.1.11 Deformation due to repeated heating, these defects are worth
noting, however, they have been shown to have little effecatiarp emission or
absorption.

Figure 6.1.13 MM emissivity normalized with respect to the emission of Pt. The
emissivity was measured independently at a variety of temperatures. Increasing
the temperature was found to decrease the noise present; howealkecases the
resonance peak remained unchanged.

Figure 6.1.14 The expected emission of the MM at temperatures greater than
1400 °C. This data is based on the experimentally obtained emissivity from
Figure 6.1.15.

Figure 6.1.15 Top High Tempeature MM absorber centered at 1350 nm.
Bottom PhC with cutoff frequency of 1650nm based on the emissivity of Ref.
[84]. The MM emitter follows the spectral response of a GaSb photodiode much
more closely than the PhC emitter. Both structures are basenhigsivity data at

a temperature of 1700 °C.

Figure 6.2.2 Simulated and experimental absorption. Experimental absorption
was taken at an angle of 23 degrees from the surface normal leading to decreased
observable absorption at resonance (black cixclebop PhC with no ARC
compared to GaSb with no ARC. The characteristic responses of the PhC are
shown as black squareBottom PhC with an ARC, GaSb with an ARC, and
GaSb without an ARC. The characteristic PhC responses are shown within the
black sgares.

Figure 6.2.2 1-V curve characteristicsTop |-V curves obtained for the samples
at a solar concentration of 10 suBattom the defining characteristics obtained
from the IV curves including short circuit current, open circuit voltage, fill
factor, max power, and conversion efficiency.

Figure 6.2.3 Left Region of optical enhancement for a PhC is limited to a depth

of appoximately 1.5um. Right: the structure of the photodiode used in the
measurement. The absorber layer is located at a depth of 300 nm to 1.5 um. The
result is a 20% smaller absorption region compared to simulated results.

Figure 6.2.4: The metrics usetb determine the quantitative effects of applying a

metallic PhC as a front side filter enhancement to a TPV diode. As a TPV diode
without a SiN layer is not feasible, the leftist three metrics use this structure as a
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baseline. *Denotes compared to ueat GaSb.”Denotes compared to GaSb
with SiNg

Figure 6.2.5 Potential Future applications of metallic PhCs. These devices can
be used as a combination front contact and antireflective coating replacing
traditional contacts (right mesa). This figureosis a MIMs diode geometry
which is a diode geometry which can be improved by employing a metallic PhC
front side contact.

Figure 6.3.1: Two structures grown using molecular beam epitaxy. Top8R9
is a GaSb junction grown on GaAs with a IMF layer. Bottom:8R89s an
identical junction grown on a GaSb substrate.

Figure 6.3.2: CurrentVoltage characteristics as well as diode charazgan
metrics discussed in Section 2.2.4. The data shows a marked decrease in
performance of an IMF-p junction in comparison to a GaSb on GaSb junction.

Figure 6.3.3 |-V curves obtained for arrays of varying size aperture diodes. The
current obtaied from each aperture should decrease proportionately to aperture
surface areaTop GaSb on GaSb array of apertuidsttom IMF aperture array.

Figure 6.3.3 Current density obtained from varying aperture diodes. Ideally the
current densities should eb linear; however, variables such as surface
recombination and ideal contact spacing may influence the current denejy.
GaSb on GaSb sampleBottom IMF sample.

Figure 6.3.4 Spectral Response of both the GaSb on GaSEB@R@and IMF
(R9-81) sanples compared to the spectral response of a commercially available
GaSb TPV diode. Although the commercial cell shows better efficiency, the
sharper cubff frequency of the R86 and R®B1 samples allude to higher
general crystal quality.

Figure 6.4.5 1-V characteristics of the GaSb on GaSb-@®) and IMF (R981)
contact materials. Neither top nor bottom demonstrated ideal ohmic behavior;
however, the top contacts did show highly resistive ohmic results. Bottom
contacts for both the R81 and R®Blwere shown to be Schottky contacts until
an applied voltage of approximately 3 V. These samples typically operate at
voltage of less than 1 V making these common contact materialgl@ainfor

TPV applications.

Figure 6.4.6 Optimized Structure to furtiheéest benefits of using an IMF layer.
These designs consist of a three sample group. Sample 1 is shown above. Sample
2 adds a IMF layer between layer 0 and 1. Sample 3 replaces layer 0 with a GaSb
substrate.
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Figure 6.4.7 The proposed IMF layer producadower L., however, the device

was designed to operate using a bottom contact layer of decreased doping
concentration. This is hoped to reduce potential defects related to highly doped
material growths allowing IMF analysis based on lattice mismatctnaih svith
reduced effects due to other mechanisms.

Figure 6.4.2.1 Left structure created in order to produce the unique MM
response seen on the Right. This structure combines properties of Fishnet, SRR,
and SWP type metamaterialRight the expectedesponse of the MM polarizer

grid shown on the Left. This structure uses two polarization sensitive MM
resonance peaks.

Figure 6.4.1.2 Surface current and -field vector. Top Left X-polarized
radiation not at resonance. There is a surface currerdsatite splitgap causing
the MM to act as a traditional polarization bar. The result is decreased
transmission. Top Right Y-polarized radiation not at resonance. There is little
surface current interaction between thespfitgap. The result is an unafted
transmission. Bottom Left X-polarization at resonance. The interaction across
the X-splitgap is removed, the result is a transmission-pasd. Bottom Right
Y-Polarization at resonance. Surface current begins to flow acrossgpktgap
resultng in a decreased transmission.

Figure 6.4.1.3 E-field vector and magnitudd.op Left X-polarized light not at
resonance. There is a strongerdfection Efield within the metallic elements
creating the surface curreftop Right Y-polarization in he Efield is directed in
the Y-plane therefore orthogonal to the incident radiatidBottom Left X-
polarized light at resonance. Thefigld is now directed in the Xlane and
therefore orthogonal to the incident radiatiBottom RightThe Efield begins to
interact in the Zplane and not Yplane resulting in a transmission dip due to loss
of orthoginality.

Figure 6.41.4: Experimental and simulation data for both optical polarizations.
Dashed lines are simulation results and solid curves were nebtai
experimentally. Blue results are-polarized light and Red lines arepélarized
cases.

Figure 6.41.5: Independent manipulation of X and Y feature parameters allows
for independent shifts in X and Y resonance peaksft SEM images of two
unoptimized structurefRight Corresponding polarization sensitive transmission
for each structure.

Figure 6.4.16: Left Effective index for Xpolarized light. There is a large dip in
magnitude at resonance to the same value as GRight Effective index for ¥
polarized light. There is a slight increase at resonance, however, not a large
enough value to explain the deased transmission.
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Figure 6.4.1.7 Effect of doping concentration on total percent transmission as
well as resonance wavelength. Higher doping concentrations increase the
material permittivity thereby creating a blue shift in resonance. Also, higher
doping levels coincide with larger conductivities resulting in a decreasing
resonance peaKop X-PolarizationBottom:Y -Polarization.

Figure 6.4.2.1 Dynamic metamaterial response due to an increase in GaAs
conductivity ranging from 0 S/m to 10,0000/ This MM is designed to operate
at 60THz. Top Y-Polarization. Bottom X-Polarization.

Figure 6.4.2.2 Initial simulated dynamic MM filter characteristics for a
conductivity change of 10,000 S/m

Figure 6.42.3 Left Experimental dynamic resulfsr a MM patterned on bulk
GaAs. An external bias of 5 V and injection current of 410 mA was applied over
the MM structure. The bulk GaAs removes the MM resonance response; however
the bulk response due to an applied voltage can still be deternfRigioi
Simulated response of a MM structure patterned on a bulk GaAs substrate and the
conductivity change (3,000 S/m) needed near the surface to obtain a bulk
transmission loss of 3%.

Figure 5.62.4. A variety of contact recipes used on a 400 nm thick Ga\s
sapphire wafer. All contacts performed relatively consistently weither it was a
traditional ohmic contact (annealed Ge/Au/NiAu) or a traditionally Schottky
contact (Ti/Au). This leads one to believe that material quality is not sufficient to
support ligh quality electrical contacts.

Figure 5.6.2.5 SEM images of material surface, both images contain identically
processed metamaterial structure$op a MM patterned on a commercially
available bulk GaAs wafer.Bottom a MM patterned on 400 nm of Gaks
sapphire grown using molecular beam epitaxy.

Figure 5.62.6. Alternate GaAs on sapphire growth proce3sp process
currently usedMiddle: Design proposed to improve crystal qualBpttom High
quality process utilizing an SLS buffer layer toued crystal defects->*

Figure 6.42.7. Metamaterial resonance shifts due to increases in doping. The
substrate was determined to have low electrical conductivity during contact
testing, and as such the increased doping concentration can also be modeled as an
increase in carrier concentratioindependent of corresponding conductivity
increases.

Figure 6.4.2.8 Top Simulated dynamic metamaterial response considering both
a conductivity change of 3,000 S/m and an injection current of 410 mA. This
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simulation takes into consideration carrier induced refractive index changes as
well as induced conductivity changes.Bottom The corresponding filter
characteristics of the simulated results. These filter characteristics can be even
further improved wit conductivity increases greater than 3,000 S/m or increased
applied voltages and injection currents. As such, these figures should be
considered realistic simulated data and not optimum data.
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Photonics: Photodiodes and Metamaterialsoir
Thermophotovoltaics and Photodetection Applications



Chapter 1

Introduction




Photonic materials have an unlimited variety of potential applications.
However, this section focuses on the use of photonic materials for two specific
applications. The first is implementation of photonic structures in energy
generating devices. Theaawill be to provide new energy generating devices as
well as improving efficiencies for current technologies. The second application is
the use of photonic materials for dynamic filtering technologies. In particular,
photonic materials will be explorefibr use in creating improvegolarization

sensitive photodetectors.

List of Abbreviations - Chapter 1

TE - E- transverse electric v - photon frequency
TM - E, - transverse magnetic p - photon momentum
TPV - thermophotovoltaic c - speed of light
MIMs - monolithically interconnected module a- wavelength

PhC- photonic crystal E T electric field

MM - metamaterial B 1 magnetic field

E - photon energy IR - infrared

h-Pl ankds constant




1.1 Electromagnetic Radiation

Ei nst ei padespropoded fhat elemnagnetic energy is quantized
or madeup of a discrete set of valuBsEs senti al |l 'y, Einsteinds
light to be modeled asave packets, known as photons. Photwnge properés
of both waves and particlesowever, they are neither.Photons can have
different energies and, because energy and wavelength are related hsesebn
in Equation1.1.1, photons can have different wavelengttairthermore even
though photons do not have a massythan have specific momentum as seen
in Equation1.1.2. Equation1.13 describes the relationship between photon
wavelength and photon frequency,

o o é 11,1

n —é 12,1

0 o¥_é 13,
where E is the energy of the photom, is Plankds constanty is the photon
frequency,pi s t he phot ociHtee speednot Iight,uand is the
wavelength of the photoff!

Photons make up allextromagnetic waves, including, but not limited to
visible light. For example, ultraviolet lighnd infrared light arealso composed
of photons. Photons are also emitted by warm bodudsch is why very hot
substances can appeargilow a particularcolor. The photons emitted by these
bodies havevarious wavelengthand therefore a wide range ofenergies All

bodies can emit this type of radiation; however at typical environmental



temperatures on Earth, most of th@dmtons are infrarednd therefore cannot
be seen with the human eye.

The Sun provides a large influx of photons to the earth, with over 173,000
Terawatts (units of energy per second) incident onBiwehs surface!® The
energy spectrum of solar photdioows the blackbody curvdor a 6000K object,
the temperature ohte Sun 6 s .p Wieeh thes phdtoas travel through the

Eart hds atmosphere some are absoinbed resul

Figurel.11.
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Figure 1.1.1 Normalizedsolar spectrum, over 50 percent of incident photons are
in the infrared™

Figure 1.3.1 is normalized to show the relationship of the solar power spectrum to
that of the photon wavelength. In other words, Figutellshows that infrared
photons have less energy per wavelength than visible Hraviolet photons
(Equationl.1.1). However, infrared photons make up more of the power incident
on the earth. Therefore, by converting infrared radiation into usable and

renewable energy, large amounts of useful power can theoretically be produced.



It is also important to note thatost light emitted from solar radiation is in the
form of unpolarized light. Unpolarized light is formedrom individual photons
each with an uncorrelated electric field vector (the magnitude and directn of
in Equationl1.1). This makes more physics#nse if light i-observed as a wave

as shown in Figuré.1.2.

electric
field

magnetic

field
Prog
M

Figure 1.1.2 Visualization of the propagation of a photon. Blue represents the
magnetic field and red represents the electric field. Both the E and B field are at
90 degrees to each other
Also, it is true that the electric field is always perpendicular to the magnetic field
and both are perpendicular to the direction of propagation. The electric and
magnetic fields can also be relatedEyyuationl.1.4.
F ool ée 1.1.4
WherekE is the electric field, c is the speed of light @ik the magnetic field or
the magnetic flux density. In most cases, optical radiation is described in terms
of the E-field, and the Bfield is replaced using Equation 1.1.#or this reason
the polarzation of a light source idescribedoy the direction of its electric field
vector.
It is also important to note that dielectric surfaces tend to polarize reflected

light. The dectric field vector from photons reflected off of the surface of a



dielectic tendsto have the electric fieldslignedin the same directionln order
to better explairthis phenomenagra few basic definitions are in order. First, this
example uses unpolarized light. Als@ngralterminology describes ihcaseas
an electricfield oscillating perpendicular to the plane of incidence dETE,
transverse electric polarized light) and an electric field oscillating parallel to the
plane of incidence (For TM, transverse electric polarized light). It is important
to note both ™M and TE refers to the direction of electric field in relation to the
plane of incidence and is named susimply because the magnetic field
component is alwayperpendicularto the electric field component. Therefore,
TM polarized light iperpendiculato TE polarized light.

As mentioned above, smooth dielectric surfaces tend to polarize reflected
light. This is due to the boundary conditions of the electric field at an optical
interface(derived in Appendix 1.1)However, it follows thaa smooth dlectric

surface will reflect mostly TE polarized light, as can be sedéingurel.1.3.



| ~_TE Polarized Light

/TM Polarized Light

|
Figure 1.1.3 Reflection off of a smooth surface. The majority of TE polarized
light is reflected, while the majority of TM polarized light is transmittedahd
N> correspond to different indexes of refraction.
The total percent reflection and percent transmission can be calculated using
reflectionandtransmission coefficientshown inAppendix 1.1derived from the
Fresnel equations. However, the purpokthis section is to simplgxplainthat
unpolarized light can be polarized due to reflections off sfrmothdielectric
surface.

Reflection based polarization can provide extremely valuable data when
used in conjunction withpolarization selective plodetectors. For example,
most marAmade objects consist of very smooth flat surfaces. In actudlity
becomes difficult to produce any structure without some sort of smooth flat
feature. It is for this reason that car windows appear reflective onnaysday,
but a pair of polarized sunglasses can eliminate the gler&€omparisonnatural

objects tend to nogxhibit these properties. As such, polarization detection has
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been extremely important in detection of artificial structures and matenmls, a

this is just one example of polarizers potential uses.

1.2 Applications of TPV

Thermophotovoltaic (TPV) devices are a technology which converts both
radiated energy and conducted heat into usable electricity. TPV devices are
typically four stage deees: an emittera filter, a photodiode, and an external

energy sourcéshownin Figurel.2.1)

Narrow Band

Emission
Ggg ‘ 4 '::..:5 _
Oggl ’ ; Broad Spectrum
TPV Diode O a— Energy Source
Stage 3§g ; — Solar, Thermal,
0 Radioactive, etc.
§80‘_ g e adioactive, etc

Filter Stage Emitter Stage

Figure 1.2.1 Diagram of a TPV device. Leftis the diode stage and filter stage,
middle is the emitter stage, and right is a broadband energy source.
For reference in our discussion on TPV application, the parts of a TPV device will
be briefly discussed. The emitter stage is imparted with energy from a broad
energy spectrum (i.e. conductive heating, thermal radiation, radioactive source)
The emitter stge then radiates a narrow band spectrum. A filter stagkef
narrows the spectrum to match the properties of the diode stage. The diode stage

then converts the narrow band emission into electrical energy.



There are many energy sourciEem which TPV can generate electricity.
These sources include sunlight, combustion, radioisotopes, and other warm
bodies. Typically TPV devices operate in the infrared region of phosbiosyn
in Figure1.2.2 This figure shows that current applicatgoof TPV range from
source temperatures of 2000+K to cutting edge technologies around 350K. The
goal of present TPV research in our lab is to maximize efficiencies for this entire

wavelength range.

1.4pm 2.9pm ——— 7.2um 7.7um 9.5um

2000K+ ~Combustion 1000-400K ~Industrial processes 375K ~Car engine 310K ~“Body heat

Elemental Binary Trinary / PR SLS materials / —
bulk bulk Quaternary pBn structures
materials  materials bulk
(Si, Ge) (Gash,  materials
with InAs) (InAsSh,
selective InGaAsSh,
emitters InAsShP)

Figure 1.22: The IR wavelength range with the oesponding black body

temperatur@nd typical photodiode materials which operate at that wavelérgth.

TPV also has the added benefit of allowing integration wrésent day
power generation facilitiesFor examplewaste heat and transmission losses
the USA account for approximately 57% of all the energy generated in2010.
Recovering just 1% of this wasted energy, 56 quads, could power up to 13 million
homes for an entire ye&t. According to the United States Census Bureau, 13
million homesaccounts for approximatelj0% of occupied homes” TPV can
clearly benefit the energy forecdbtough integration witlpresenttechnologies;
not requiring entire new energy generation stations. For example, electricity

produced by natural gas utilizesmbustion to heat steam in ailer, which turns
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a turbine this generates electricity electneechanically TPV can be integrated
after the turbineto recover the wasted heat generated in this process (a
temperature of 533 K). Price per watt calculations can be conducted with a
blackbody emitter stage, a conservative system efficienegtohate ofL5%, and

pricing constraints showin Figurel.23.

Item needed Cost

Substrates (2in x 2in chips) $350 each (in bulk)
MBE growth cost $2,000 (9 wafer batches)
Processing $150 each

Packaging & Installation $150 (estimate)

Total for 2inx2in surface: ~$872

cost for a 1m x 1m surface is projected at = $338,000
Figure 1.23: Cost Assumptions for a TPV device used in a cost per watt
calculation.
Using the new Greenland Energy Center natural gas power plant as a base model,
it was determined that an additional 10% in stgrtcost will increase the initial
power plantefficiency by approximately 9% (122kW of enerdf))in order to
recoup the cost of the TPV system in the first ydse,initial cost per kW of the
TPV energy generation would be $1.88mpared to $1.09 faratural gas. This
cost could be lowered in cedto alter the return on investment time; howewer,
additional fuewould be needed to power the TPV deviék$he result would be
a lower net cost per watt after the cost of the TPV system was recovered.
TPV devices have applications in a wide virief energy generation

applications and temperatures, from thoka hundred degreest@ those of high
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temperature combustion. This research dmnmcreasehe efficiencies of three
stages of TPV devices at both low and high temperatisieg technlmgies such
as interfacial misfit arraysmonolithically interconnected odules (MIMS),
metamaterial emitters, and photonic crystal filters (these technologies will be
discussed later) The results of this researaheaimed at allowing TPV devices
to beintegrated into existing technologies in ordembprove our energy forecast.
There arealsomany other areas of research and possible applications that
can be benefited by a fully functional TP¥ode For example, infrared
photadetectors rely on vergxpensive and fragile semiconductor materials in
order to form an imag&dom the generated photocurrenthe same photodiode
used in arefficient TPV converter cabe applied tca photodetector. For this
reason,fithe TPVphotodiodsas efficient, therearealsosignificant applicatioain

devices such as heat sensors or night vision goggles.

1.3 Applications of Metamaterials

A metamaterial(MM) is any material that has an artificially designed
permeability and permittivity. The first trumetamaterils were proposed by
V.G. Veselago antvereu s ed t o delsanmd ko amaitl eerfital |, or
with simultaneously negative electric permittivity and negative magnetic
permeability™® Thefirst experimentally verifiednetamaterialvas fabricated by
Smith et al in 1999% Since 1999 the field ofmetamateria has expanded to
include fields such as photonic crystals (PhC) and plasmonics. With the large

breadth of research into metamaterials, it becomes necessary to focus on specific
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areas of thdield; as such metamaterial applications will be limited to metallic
metamateria as those created by Smith et al, and photonic crystal metamaterials.

The first two potential applications are perfect metamaterial
emitters/absorbers and metamaterial pp&as. For these applicatiors it is
desirable tanaximize the metamateriedsonance with a specitch ot ont ¢ fipas s
b a n dheese devices typically use a two layructurefor which it becomes
possible to match thmaterialimpedance to that of free spaeminimizing the
reflectance at a specific frequencyhe result is a narrow spectrum absorption or

transmission as shown Figurel.3.1.

1.0

— Metamaterial
— Existing Absorber ]

Absorption
o

0.0

2 3 4
Wavelength (um)
Figure 1.3.1:Metamaterial absorber response as compared to existing
technologies. The high absorption and narband peakred) may provide many
advantages over the broadband response currently emgldyed
These devices have been proposeduse in TPV emitter applications, notch
filtering applications, polarization filters, and sensing. The proposed beh#ifg
devices is the ability to achieve near unity absorption/transmission/reflection for a
narrow band of frequencies. Other research has been focused on altering the
properties of these metallic MMsThis is accomplished by applying an external

electical bias or optical pumping; and operates by alterthg effective

permeably and permittivity of the MMs.
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A PhC isanothertype of metamaterialhowever,which operates under
different physical principles then a traditional metallic MM. The PhCzeslia
photonic bandgapor a regiorthroughwhich photons are quantum mechatiyca
forbidden to propagate The resultis a photonic filter in one, two, or three
dimensions. The applications for a PhC have ranged from optical waveguides, to
TPV emitter sages, to dielectric optical filters.

With the thousands of possible uses of metamaterials, this research
focuses on metallic perfect absorbers/emitters for TPV applications, photonic
crystal MMs for TPV filtering applications, and ra#lic polarizationsensitive
MMs for photodetector applicationsThe final goal of this deertationis to
provide photonic building blocks whicimay be used interchangeably. For
example, a TPV diode stagan be usewith a MM for photodetection or a MM

emitter and MM fiter can be usedith the same TPV diode for power generation.
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Chapter 2
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This section hopes to build on the principles of semiconductor physics and
optics in order to provide a means to solve the problems discussed in chapter 1.
In particular, this chapter will describe semiconductors materials used to create
thermophotovoltasand photodetector photodiodes. Also, optical structures such

as metamaterials will be discussed for improvthgrmophotovoltaicemitters,

thermophotovoltaidilters, and photodetector polarization sensitive filters.

List of Abbreviations - Chapter 2

Part 1- Semiconductors

E - energy m - electron mass U - depletion width "O -fill factor

TPV - E, - band gap energy | 0 - excess acceptor | Vn,- Voltage at max
thermophotovoltaic concentration power point

N, - ionized ptype Np - ionized ntype ¢ -electronsinp Imp - Ccurrent at max
dopants dopants type material power point
<-hbar or 0 - hole current N -holesinntype | MPP-max power
by planks constant density material point

k - crystal momentum| 0 - electron current | V.- open circuit S -quantum
vector density voltage efficiency

E; - Fermi energy 0- current density U - carrier lifetime 0 - power

k - Boltzmann * - hole mobility td - electron CE- - -conversion
constant recombination length | efficiency

E, - valence band * - electron mobility | 0 - hole EQE- external
energy recombination length | quantum efficiency

E. - conduction band

‘O - electron diffusion

lsc - short circuit

MPP - max power

energy coefficient current point
N -# of conduction | O - hole diffusion SRH- Shockley Vmp - VOltage at max
holes coefficient ReadHall power point

¢ - # of conduction
electrons

g - charge of electron

0 -saturation curren

"O -fill factor

t, - hole collisiontime

t, - electron collision

U - recombination

Imp - current at max

time rate power point
M*yse- effective m*4qn - effective IQE - internal s -quantum
density of state mass| density of state mass| quantum efficiency efficiency
of electrons of holes
N, - effective N, - effective valence | EQE- external CE - — - conversion
conduction band band density of state§ quantum efficiency efficiency

density of states

n; - intrinsic carriers
per unit volume

0 -excess donor

concentration

MBE - molecular
beam epitaxy

@ - builtin voltage
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2.1 Semiconductors

The TPV cell is based on complex theory involving solid state physics,
guantum mechanics and electrodynamics. In order to appréoeatiesign and
fabricationof the TPV cell, one musinderstandhe physics of how a TPV diode
can generate an electrical currentMost of the basic theory involves the
manipulation of semiconductor band structuamd the interaction of light with
these band structuresThe goal of this section is to dgep the problems
associated with the TPV diode stag€hapterThree will describe how this

research proposes to solve the problems arising inhaser.

2.1.1Band structure

Atoms are made up of a nucleus and an electron cloud. The electron cloud
is made up of many differengélectron orbitals with different energy values
associated with each orbitallf two or more atomsare force together the
electron orbitals begin to overlaB? Electrons are fermions and as such are
governed by the Pauli Ekssion Principle, which states that no two electrons can
have the same quantum state. Therefore, the overlapping energyostatbegals

must be split into multiple bands, shoumrFigure2.1.1.1.%%
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Electton energy ——~
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'
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Interatomic distance =
Figure 2.1.1.1: The splitting of orbitals intenergy bands at low interatomic
distancest!”!
As implied by various quantum mechanical modéle area between these
energy bands cannot be occupied by the electrons, for they are not consistent with
any of the at olfisThesemegiomsnvihere etectibns taanbtshe
presentare known as forbidden regions. An examfolethe band structure of

silicon is showrin Figure2.1.1.2, where the forbidden regions are shati&d.

1
AN states \
0 electrons

6N states
2N electrons

4N states
4N electrons 2N states

2N electrons

Electron energy ==

tyy Atomic Spacing———#

Figure 2.1.1.2: The allowed anddrbidden regions as s functiofenergyand
atomic spacing™™
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In a band diagramhe higher energy level bands are known as conduction bands
and the lower energy bands are known as the valence BAnBgure 21.1.3

shows the band structure of Si with different bands and gievgls.

WAVE VECTOR

Figure 2.1.1.3: The conduction and valence bands of silicon along with the
different energy bands!!
One of the properties of a semiconductor is neutral chtg&hen one
of the electrons is excited to the conduction band by another form of energy (
heat or photon excitement), the previously occupied place within the valence band
becomeempty. The electron is now free to move about the semiconductor in the
higher energy conduction bafid. In order to maintain charge neutrality within
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the material there must be a positive chamaegate the flowing electronThis
area of positive charge is known as a Htle.

The electron and the hole move through ldtéce with different degrees
of ease. This variance can be expressed as an effective mass of the charge carrier
and is a multiple of the actual mass of the electrdime two masses are not
identical in magnitude as an effective mass is based on tleibamhich the
electron or hole is located. However, because a hole is effectively the lack of an
electron, the two particles have oppositearges and together are known as
excitons 3! Without the presence of a potenttifference, i.e. asoltage, tie
conduction electron wilguickly lose excited energy and return to the valence
shellreplacing théhole. This process is known as recombinationGarcreate
phonon (lattice vibration),a photon or both*? Both hole creation and

recombination istsownin Figure2.1.1.4.

AT
DEAEE
—=0)=0=0=0==

Figure 2.1.1.4: Hole formation. The excited electron leaves the valence shell and
can then move more freely within the semiconductor as part of the conduction
band. This creates a positively charged hole. The electron and hole can

recombine if they meet and the electioses its excited enerd}f!

There are multiple ways to excite electrons into the conduction band.

Among them argohonon (increasing thermal energy and lattice vibratians)



photon absorptiaH?4™ Thermal energy is due ®emiconductoheatirg and is
not useful for TPV applications Thermal excitationis a function ofthe
semiconductortemperaturewhich, in turn,increases the recombination mate

Increasing recombination in tutawers the ability for a current to bgenerated

However, energy from photonss extremely useful to photovoltaic devices.

When an electron is excited due to a photberea are two possibleaths which
allow an electron into the conduction baditect and indirect transitiod¥!

For TPV applications, the spter of the two paths imore desirablethe
direct transition. This transition occurd the bottom(lowest energy state)f the
conduction band has the sam@mentum vectork] as the top(highest energy
state)of the valence band, afownin Figure2.1.1.517 The crystal momentum

vector(k) is describednathematicallyn Equation2.11.1,

o B¢ 121
whereE is energym is the electron effectvenas s and < i s a

1.055 x 16* ——).'% |n a direct transitionthere is no change in thevalue,

corresponding tao change in the crystal momentud Therefore,no heatis
added to or removed frone systentt” Both transitiors areshownin Figure

21.1.5.
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Figure 2.1.1.5: Direct (a)(b) and indirect transitis (c) . There is a different k
value for indirect transitions leading to heat or vibration transfer of energy to the
lattice in order to complete the transition. Direct transitions do not interact with
the lattice and therefore there is not energytiéattice vibrations™
Indirect transitions are a bit more complicatsdcan be seen from figure
2.1.1.5. These transitioriavolve changes ithe crystal momentunvector*® In
order for @ indirecttransition to occur, there must be enoyobnic energyto
allow an electronto reach the conduction band and atsatchthe momentumof
the crystal The transfer of energy to change electron/crystaimomentim
creates heat and vibrations, or phonawihin the crystal. As mentioned earlier,
the generation of heat is not desirable for the TPV converter as it will increase the
electron/hole pajror excitonrecombnation ratd®!
As mentioned beforehé energyimpartedto the semiconductor due t
indirect transitiongproducesheat and phonort¥! Phonons are oscillations of the
semiconductor lattice and can be visualized as two different types of waves, the

higher frequency optical branch and the lower frequency acoustic Bf3nch.

Within the acoustic branch (in one dimension) each atom oscillates in the same
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direction with a specific frequency. However, witie optical branch atoms
oscillate in opposite directiofd! It is important to remember that phonons are
oscillations of the lattie ! Therefore, for indirect band gap transitions, energy is
required toboth excite the electron into the conduction band and conserve
momentunthrough energy transfer to the latti¢ke creation ophonons)!*®!
Electrons withinmaterialshave a wde range of energies, most of which
fall within the valence band. However, there israportantenergy level known
as the Fermenergy This energy islefinedby Kittel as the energy of the highest
filled energy level when all electrons are at theougrd state®® The Fermi level
is located half way between the valence band and conduction bandstun-
doped semiconductold! As the temperature increases, some electrons are
imparted thermal reergy and move above the Fermi level® Eventually,
electrons gain enough energy to move into the conduction band and the
semiconductocan therbeginto conduct electricity.This is the origin of the term
semiconductor; there are no conduction electrons at zero Kelvin, but at room
temperature there are carriers present in the conduction bandraphical
representation of the Fermi level as a function of temperature is shawgure

2116.
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0 degrees K Increasing Temperature

Figure 2.1.1.6: The Fermi level witlrespect to changing temperatures A
temperature increases theare morelectrons in the conduction bargwever,
there is nevea change in théotal number of electrons within the materiaf!

Using the Fermi levelt is possible to find the probability that an electron

is at a particular enerdy/! The pobability is found by using the Ferrbiirac

probability function (plottedn Figure2.1.1.4 and described iBquation2.1.1.1),

Qo0 @ — ..2111

wheref(E) is the probability of an electron being at the eneB)yE; is the Fermi
energy,k is now the Boltzmann constant, afdis the temperatufd” Knowing

the Fermidirac probability is quite importanwhen analyzing a semiconductor;

for example, the number of conducting electrons and holes can be found by
integraing the FermiDirac distribution function and the density of states over the
conduction band (electrons) or valence band (h&s)The total number of

electrons and holes can be found udtiggatiors 21.1.2 and 21.1.3 respectively,

¢ pfAl _°'Y0Q0QO é2.1p
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wherekE, is the energy of the top of the valence bdads the energy at the top of
the conduction band O is the FermiDirac distribution for electronsQ O is
the FermiDirac distribution for holes)Y O is the density of states in the valence
band, andY O is the density of states in the conduction bafidrhe density of
states represents the spacing between the discrete energy levels within the
seniconductor?®  Physically the density of states changes the F&inaic
distribution to a discrete representation of the probability function. In other
words, the FermbDirac distribution can find probabilities even for forbidden
energy levels; howevewith the addition of the density of states a more realistic
model can be developed. The density of states is represented near the bottom of
the conduction band asquation2.1.4 and at the top of the valence band by

Equation2.1.5,

YO —

YO — O ©Oe 2151

whereS(E)is the density of statesn*yse and m*ysy are the effective density of
states mass of the holes and electrons (respecti¢8lyAfter integration (and
applying the Boltzmann approximation) the total number of conduction electrons

and holes are representedHxyuatiors 2.11.6 and 21.1.7,

g 0Q e 216
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whereN; andN, are the effective density of states in the conduction and valence
bands respective§” N. andN, are shown irEquatiors 21.1.8 and 21.1.9 and

are functions of temperature and effective mass.

z T

0 wpfAl ¢ é 2138

e 219

O 0pTAT ¢

N. andN, are independent of any type of doping profile. It is therefore useful to
represent the total number of carriers per unit volumdl/cm® (shown in
Equation2.11.10) in terms ofN; andN, such as irequation2.1.1.11,
& &£n é 2110

¢ M odi— é2.111
where Ey is the band gap energELE,).B! For any particular material the
intrinsic number of carers does not change with doping. hgévi a dopant is
added to a semicoundtor the intrinsic carrier concentration is useful to find the

specific electron or hole concentrations.

2.1.2 Doping

The previous section describes intrinsic semiconductors, or
semiconductors that are not doped with another material. The process of doping
replaces atoms within the semiconductor with atoms of different elements. The
doped semiconductor is now known asextrinsic semiconductdf? The doping

atoms (dopants)have more electrons then the original atoms (donor impurity
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atoms) or fewer electrons (acceptor impurity atoms). Dalopantsallow for
more conduction electrons whereas accepimpantsproducea material with
more holest**!

Silicon has four valence electrons ahdreforebonds with its four nearest
silicon atomsand therefore, cape doped with boron, gallium, phosphorous, and
arsenic When the electrons of pure silicon are excited into the conduction band,
bonds must be broken to allow the electron to move freely through the material.
(19 |f the silicon is doped with arsenic or phosphorus (donor mesetiewever,
thereis an exces®f electrons within the material andbiécomeseasier to excite
electrons into the conduction band. When a silicon atom is replaith a
gallium or boron atom (acceptor materialthere arenot enough valence
electrons to bond with the four nearesighbors Thelack of bondingelectrors

creates holed®¥ Figure 21.2.1 shovs visually the structures of intrinsic silicon,

gallium doped, and arsenic doped semiconductors.
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Figure 2.1.2.1: all three materials are neutral in charge, however the gopin
process creates areas where there are local positive (gallium) and negative
(arsenic) charges within the latti¢&!

In general, extrinsic semiconductodsnor atomsare known as 4type
materials, as there are excess negative ch&rg&imilarly, semiconductors that
haveacceptor atomare known as {type materialsas there are excess positive
holes?®® The number of dopantslters the conductivity of the material as it may
be either easier or harder to create a conduction eledinecan beclearly seen
through an altered Ferrevel.

As impuritiesare added to a semiconductibre location of the Fermi level
shifts*” The amount of change can be found udiogatiors 2.11.6 and 21.1.7
and solving forEs-E; or E~-E,; however,é andr) are doping dependant values.
When doping is introduced, the equation for in a ntype semiconductor

become£quation2.1.2.1,
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whereN, is the ionized gype dopants anbp is the ionized rtype dopant§&*
The number of conducting holes in d@ype semiconductor are found by solving
Equation2.11.10 forn . Similarly, the number of conducting holes ifype

semiconductor is found yquation2.1.2.2,

¥
1 5 62122

and the number of conducting electrons are found once again s&gungtion
2.1.1.10 forg B4 In ap-type semiconductohere are many less electronsrtha
holes; because of this, the electrons are known as minorityreaandthe holes
as majority carriers. Conversely, m ann-type semiconductor, the holes dhe
minority carries and electrons g@hee majority carriers. Thearrierconcentrations
and carrier typedecomevery important whem-type andp-type materialsare
joined to make a diodesuch as in TPV applicationsr when dealing with an
electrical current flowing through a semiconducteuch as with yhamic MM
applications

The total current within a semiconductor is made up of the diffusion and
drift currens for both conduction electrons and conducting holes. The hole
current densityJ,), electron current densityld), and total current density)(are

shown inEquatiors 21.2.3, 21.2.4, and 2..2.5,
0 NM‘. AO—N w é 223
0 Né&. NO—¢ wé 224
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where* and‘’ are the whole mobility and electron mobility respectivgly,w

and ¢ w are the hole and electron concentrations as a function of position
within the semiconducto) and O are the electron and hole diffusion
coefficients respectivelyy is the charge of an electron, ands the electric field
present®® The electron and hole mobilities are a function of the average times
between electron or hole collisions with atoms or phontnsr ¢, respectively)

and the effective mass of the holes and electrBfis The electron and hole

mobility equations argiven inEquatiors 21.2.6 and 2.2.7,

‘ - e 226

-é 227

Thet, andt, values are functions of both temperature and doping concentrations;
however they are found quantitativél§. The electron and hole diffusion

coeficients are found through the Einstein relati&qation2.1.2.8), 2"

- —e 2.2.8

It is important to note that if there is no gradient in doping concentrdtien
Equation2.1.2.5 becomeg&quation2.1.2.9,

0 NN ®w'. NE w' .,é 229
which can be si mihé¢abdve serdicomdoctorophysids san thenw .
be applied to e of the most important discoveries in the semiconductor industry
This occurred whemn n-type material and p-type materialwere combinedo

form a diode.
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2.1.3 The Diode

The basic diode consists of artype material joined to p-type material.
The two materials are grown together using various methods such as ion
implantation andmolecular beam epitaxyMBE). A few possible diode

geonetries and construction methods are pictuneéigure2.1.3.1

AL
n-TYPE SI —

DIFFUSION
g e s oy
RALRRRRRE! P P
n-TYPE Si | —= n —
(b)
DIFFUSION
sio / \
— ||| y
n n N/
— —_— n
n* n# n+
(c)
ANNEALING
ION- AND
IMPLANTATION ME TALLIZATION
TN
n . n' p n D
n+ n+ e n+

(d)

Figure 2.1.3.1: a) p-n junction with an ohmic contab) mesa junctiort)
diffused planer junctiod) ion implanted junction with contact®!

Figure 21.3.1 depictghe maturity ofthe p-n junction It is a technology that has
been applied to many different applications including TPV, photodetectors,

dynamic MMs,and most every semiconductor electronic device.
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At the junction of g-type andn-type material an interesting phenomenon
occus. Even while in thermal equilibrium (no applied voltage) the conducting
electrons in then-type material and the holes in thaype materiainteract with
each otheP® This can be seemathematicallyn Equation2.1.2.5 as there is now
a gradientn the electron and hole concentrations. This gradient creates a drift
current of electrons and holes across phejunction*” In order to maintain
charge neutrality the drift current must be directly canceled by a diffusion current.
The only way tocreate adiffusion currentis throughthe presence of an electric
field; thereforean electric fieldnust formacross the junctiof”

Physically, electrons diffuse across jhectionbetween the two materials
and combie with the holes on the other side. Batltype andp-type materials
are electrically neutral beforais diffusion occurs. After diffusion, the-type
material has lost electrons and thdype material has gainedn equivalent
number ofelectrons. Theearrangement of charge forms a positive charge on the
n-side of the barrier and a negative charge orptbele. A representation of this

situation is showin Figure2.1.3.2

Depletion Region

- |IIIC

|
| 0w
|
|

4+ ++ ++
++ ++ ++
4+ ++ ++
44+ 4+

E-field
—

Diffusion Cwmrent

Figure 2.1.3.2:the charge distribution of ampjunction. Notice that therare
positive charges in thetype material and negative charges in tHgge material
creating a potential across the junctith.
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The resulting electric fieldcreates a voltage across the junction!*? This
potential difference is known as thHamuiilt in voltage and is represented by

Equation2.1.3.1 for a nordegenerately doped semiconductor,

o —I1 é 231
where( is the excess number of donors on thade ( 0 ,and0 isthe
number of excess acceptors in theige ¢ 0 ¥ The potential formed at

the pn junction bends the valence and conduction bands, forming a band diagram

in the shape of figure 23.314

Depletion
Region
=+— E
A
= -
P-side
Ey
E, N-side

Figure 2.1.3.3: Band diagram of a diode. Tharbier is based on the potential
barrier
(1 eV is equal tg(1 Volt)).
These equations are valid in both dynamic and equilibrium conditions. In
equilibrium conditions, the electric field becomes strong enough to cancel out the
diffusion termi*? In this case, the electrons can no longer flow across the

boundary and the total current density becomes3&rbhe region that forms due

to the charge separation is known as the depletion région.
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The depletion region is so named because thereareonducting holes
or conduction electrons within this aress showrin Figure2.1.3.2"*!  Unlike
the material as a whqlethis regon is not electrically neutratue to the
rearrangement of electrons and héf@swhen only the built in voltagis present
within the diode, the width of the depletion region can be representéduation

2.1.3.2[48

0 — — — é 232

where U is the total width of the depletion region. This equation becomes
important to PV and TPV as only eteon/hole pairs generated within the
depletion region will lend to the photocurrent and open circuit voltage.

The width of the depletion region will increase or decrease with an applied
potential*® If electrons are allowed to flow into thetype mateial, the current
would be expected to continue through the semiconductor. However, this is not
the casen a pn junction When the flowing electrons reachetledge of the
depletion region in the-fype materigl they recombine with holegreatingan
even stronger electric field and a larger depletion réf§ibithe increased electric
field effectively stops the current. When current cannot pass through the diode
due to an applied voltage, it is known as a reverse litasn at reverse biased,
ther is some current flow through the diode. This current is known as the
saturation currentl{;) and is due to electrons in tipetype material or holes in
the n-type material being pulled into the depletion region byapelied voltage

shown below irFigure 2.1.3.4*
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Whenthe flow is reversed and electrons enter through #typ@ material,
the depletion region shrinkalong with the electric field The electronsare
therefore able taeach the other side of the diddfé. This type of applied
patential is known as a forward biaand is shown in figure 2.1.3.4
These properties make thdiode a one way device, meaning current can flow
through in one direction but does not flow in tegersedirection. Figure 2.3.4

shows visually the growingand shrinking depletion regions along with the

direction of current flow.
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Figure 2.1.3.4: Applying aforward orreverse bias voltage changes the magnitude
of current flow into the diode by lowering the potential between the conduction
and valence banas the n and p type semiconductors. The lowered potential
changes the depletion with as wéfl**!
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In TPV, the ultimate goal is toextractas muchpoweras possible. If an
outside voltageis applied then the total efficiency of the cell would lilge
decreae asnergy must go into providindpe voltage. As such, photodiodes will
be described without the dependence on an applied forward or reverse bias.

The total ideal current density of a diode is only a function of applied
voltage. For a longidde, the Ideal Diode equation becont&guation2.1.3.3,
assumingthe width of then-type andp-type material is much greater than the

electron and hole recombination lengthsandL,,
v § — — Q p e .233

where¢ is the number of electrons in thetype materialy) is the number of
holes in then-type material, O is the diffusion coefficient of electrons in tpe
type materialO is the diffusion coefficient of holes in thetype mateal, 0 is
the recombination length of electrons in tigetype material, 0 is the
recombination length of holes in thetype material, andv is the applied

voltage®®® For a thin diode, the total current is describedEhyation2.1.3.4,

L N Q p é& 234
where® in the undepleted width of ther-type material, and
@ is the undepleted width of the-type material. BothEquation

2.1.3.3 and Equation 2.1.3.4 are of the form ofEquation 2.1.3.5 with the

saturation current depending on the thickness of the fide.
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Whenplotted,Equation2.1.3.5 takes on the form of Figurel23.5

Saturation
Current

Figure 2.1.3.5: Ideal dark diode equation as a function of applied voltage.
total current shifts when optically generated and thermally generated carriers are
introduced. Howevethese concepts are introdudsglowwith PV and TPV
photodiodes.

2.1.4 The TPV Diode Stage

The TPV diode operates osimilar principle as the commamn junction.
In actuality a TPV diode is photodiode consistg of ap-n junction. Just as with
a normal diode, a depletion region forms at the interface gi-tipe andn-type
regions, and an electric field is formed over the depletion region. As stated in
Section 21.3, there are direct and indirect transitiaghsough vhich electronscan
be excited into the conduction band. When one of these excitations occurs within
the depletion region, the built in voltage causes the hole/electron pair to be

separated. The charge separation disturbs the equililstateand if thediode is
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in an open circuit, a potential voltage occWsy). If the circuit is shorted, there

will exist a current ) between thg@-type andn-type regions. The values W,

and I are different for each photodiode and can simply be measured with an

ammeter or voltmeter. Figurel2.1 shows the ideal diode equation with the

addition of photo generated

carriers. The intersection of the current equation

and the xaxis produces #open circuit voltagéV,c), while the intersection of the

y-axis and the current equation produces the short circuit cukggnt (

Fhiﬂ of I,

Figure 2.1.4.1: The ideal diode equation with the addition of optically generated
carriers. The open circuit voltaged short circuit current are marked.

Not all of the optically generated electron/hole pairs result in a

photocurrent.  Electrons may recombine with holes and return to the valence

band. The carrier recombination rate has a strong material and temgperatu
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dependence. In all cases, recombined carriers no longer contribute to the
photocurrent unless they are once again excited to the conductioi%and.

There are two types of recombination events, direct and inffifeBtirect
recombination eventsare spontaneousand produce photons. h& direct
recombination rate is proportional to the number of electrons icdahduction
band, the number of holes, andraterial dependentonstant to represent the
recombination probabilitf® The recombination te allows one to solve for the

carri er p),lshowndnEquatien2.1(4,
T — é 241,

wh e r,ds thd recombination rate constant, is the equilibrium value of
electrons, and gis the equilibrium value of holé¥! The carrierifetime is the
amount of time on averagthat an electron remains in the excited state without
spontaneously recombining into the valence Hathd.

Indirect transitions are not as easy to describe as direct transitions. One of
the most sigificant types of recombination is known as ShockRgadHall
(SRH)recombination. Tts type of indirect transition ocain two steps at defect
centerd> A defect is known as a trapping center if the particle is more likely to
be reexcited back intache conduction bandHowever, f the conduction band
electronis more likely to recombinelown tothe valence band, then the site is
known as a recombination center. To transition back to the valence shell, first an
electron or hole is capturedf this recombination center can capture the other
half of the electron/hole pair, the two particles recombine. There&iRé]

transitions require two steps: an electron capture and a hole cagftigere
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2.1.4.2 shows the hole captumecombinationand theelectron capture from the
valence ban&* It is important to note that hole or electron capture releases
energy through phonon excitati6l  This in turn will create more thermally
generated carriers, which increases the recombination rate gfhtitediode.

Therefore, eliminating defects and trap states is extremely important in TPV.

Electron Capture

Hole Capture

Figure 2.1.4.2: Indirect transitions and the two step transition of a conduction
electron to the valence band. Notice that this can also be modeled as an electron
losing energy to fall into the defect center and then losing more energy and
transitioning back into the valence bahd.

An important detail to realize is that tive order for the defect center to
act as an efficient trap site, its energy lewaist be below the Fermi energy.
Therefore,the defecthas both a subgantial population of electrons arapen
lattice sites. These open sites are where recombination &€turs.

There are other forms of indirect recombination including Auger
recombinatio and surface recombination. Both of these recombination
phenomena may also involve defectsr £xample, surface recombination occurs

at the surfaces of a photodigdisualy an air/semiconductor barriét” At these

interfaces, the periodicity ofhe semiconductor is broken creatingmerous
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energy levels betweethe valence and conduction bands. These gaps act as
recombination sites.

Auger recombination, however, is different than other recombination
events in that the energy releadeaim remmbinationexcites another electron
(but not into a new band). This newly excited electron loses its energy to phonons
which in turn heats the semiconduc{st. As the band gap becomes smaller
Auger recombination becomes more prevalent, leading te me@ombination in
TPV cells. This is one problem we hope to overcome in this reseaFofure
2.14.3 shows different types of recombination as well as their effect on carrier

lifetime, open circuit voltage, and short circuit current.
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Figure 2.1.4.3: Recombination types and corresponding recombination rates as
well as the effects on open circuit voltage and short circuit current. These are at
both low level and high level carrier injectioh.

A photodiode istypically characterized byhtee efficiencies (internal
guantum effieency, IQE; external quantum efficiency, EQEBnd conversion
efficiency, CE) as well aghe ideal diode fill factor.Both quantum efficiencies
are is the efficiency of converting photons into conduction electrons. For
example, if every photon incident on a photodicdeates an excitoithe device
has onehundred percenQE. If only eighty-percent of these electrons reach the
diode contacts, then the diode has an eigletgent EQEThe quantum efficiency

can provideuseful information on how well a particulgen junction creates

42



electron hole pairs.The conversion efficiency is then determined by the total
power which is able to be extracted by the diode.

These three metrics provide significantly different infotioa For
example, bone, thelQE may be misleading.If an electron/hole pair is formed
outside of the depletion region, an electric field is not present to create charge
separation. As such, recombination will occur before a current can be obtained.
Even if an electron/hole pair can be separated, there is a chance that the carriers
will thermalize (recombine witha thermally generated electron or hdf@).
Therefore, thelQE alone cannot determine how successful any particular
photodiode maybe at coesting photons into useable energy.

Conmparably, conversion efficiengy, shown in Equation 2.14.2, is
considered to be the ratio of the power output by the photo diode compared to the

incident power of the photons

- — é 242

where 0 is the power out from the photodiode, and is the incident power
due to the photon flux of all wavelengtfid. Theoretically, onéhundred percent
conversion efficiency represents when all power incident is converted into
electricalpower. Theoretically, maximum conversion efficiencies of 85 percent
have been predicted for highly concentrated light sources with no losses and an
infinitely large emittet”!

In order to simplify the conversion efficieneyalysis,the concept of fil

factor can be employed. The fill faci®hownin Figure 2.1.4.4,is the area
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between thedeal diode equation and theaxis and yaxis divided by the max

power ¥mp multiplied bylymp).

scC

Max power

area

% 09
= Area under /

total current
curve |

Figure 2.1.4.4: The Fill factor is the area formed by multiplyikg, by Imp
divided by the area under the total current curve.

The fill factor i) can be described mathematicallylbguation2.1.4.3,

O — € 2143

wherel(V) is the experimentally found current equation as a function of applied
voltage also known as the-V¥ curve The fill factor can only be found
experimentally as it is dependent on the material and growth properties of each
specific sample. In terms dill factor, the conversion efficiency can now be

written asEquation2.1.4.4 °!
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In order to help decrease the losses associated with recombination, the
most common photodetectors utilize an intrinsici-region between then-type
and p-type materials. The intrinsic region is not required to be completely
intrinsic, but does need to have a high resist®lyFor ap-i-n photodiode, the
electric field and hence potential voltages formed across the entire intrinsic
region. Because theegion is larger than the depletion region of a comparable
p-n junction, there are more electron/hole pairs successfully separated. As such, a
larger photocurrent can be created. This assiompnly holds true @long as the
carrier lifetime,shown inEquation2.1.4.1, is larger than the distance of the
region®?! The quantum efficiency of @-i-n photodiode is represented by

Equation2.14.5,
S — T — 2145,

w h e 1 s thejguantum efficiencydis the density of the current due to photons
(photocurrent), o)/q is carriers per unit area per secong,i® the optical power
density, v is the energy of a photon (h is planks constantwaiscthe frequency

of the photon), and gfhv is the number of photons per unit area per second
incident on the detectéf! Thep-i-n photodiode is sensitive to the frequency of
light incident. In particular, the energy of the photon must be arounbaite

gap energyof the intrinsic layeP” If, for example, the photons do not have
enough energy to excite carrigtisen thg will not be absorbed. However, if the
energy of the photons is too high, the photons will be absorbed before they

penetrateinto the i-region and recombine before they form a photocuftént.
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This makes theo-i-n junction very appealing to photodetectors as it will only
detect a particular range of frequencies. Also,ptné junction can be useful in
TPV applications as éjunction can be tuned the incident spectrunfrom an

emitter stage. A representation g¥-&n photodiode is showim Figure2.1.4.5.

Figure 2.1.4.5: Representation of aipn photodiode.

To summarize, a photodiode of a\Rell works in a few steps. First,
photons are incident on a diode. The diode can either be a gmpiection or
the more tunablp-i-n junction. The photons with high enough energy then excite
the electrons within the semiconductors to the condmdtiand. Excitation can
either occur through direct transitions or through indirect transitions which
involve a heat transfer to the crystal structure. If the electrons are excited near
the depletion regigrcharge separation occurs and the electroeatera current
through a closed circuit or create a potential difference across an open circuit.

As mentionedearlie many of the problems associated with TPV diodes
occur due to low quantum efficiency, high SRH recombination, and high Auger
recombination (especially at long wavelengths). Andépth analysis of

semiconductor physics was needed to understand wherepitoddems originate
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and how to solve themFor exampl e, the two ways to 1 nc
guantum efficiency is to match the 1i1ncide
bandgap or increase the interaction time for photons/electrons. Also, decreasing

Auger and SRH recombination can be done by decreasing the depletion region for

long wavelength applications and improving crygtétly respectively.lt is the

goal of this research to optimize these three mechanisms using the swethess

[-V curve anafsis and characterization of crystal quality. Novel device growth

structures, fabrication techniques, as well nanostructurealadlbe implemented

with the goal of improving TPV diode efficiencies.
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2.2 Metamaterials

This section covers the basic theory behind two types of metamaterials,
split ring resonators and photonic crystals. The theoretical framework of this
section isfocused on understandinghow multiple types of metamaterials can
manipulate photonsThe apgications of these photonic structuresn be directly
integrated intghotodetection and TPV. In particular, these metamaterials will be

used to create filters, perfect emittersg golarizers in order to solvyaroblems

such as increasing diode and piustector quantum efficiency akscussed in

section 2.1.

List of Abbreviations

Part 2 - Metamaterials

MM - metamaterial

A - absorbance

V - electric potential

K - permeability

w -work

R - resistance

‘ - permittivity

J- current density

| - electricalcurrent

n - index of refraction

0 - plasma frequency

Z - impedance

| - average magnetic flux - - effective permittivity t - effective permeability
density
£ - max electric field E - electric field IR - infrared

»- propagatiordirection

| - average Hield

PhC- photonic crystal

0 - wave frequency 9 - average Hield k - Bloch wave vector
t-time H - average magnetic field b - inverse lattice constant
p - Veselago variable » - conductivity a - lattice constant

R - reflectivity C - capacitance i - gamma point

T - transmittance Q - charge = - angular frequency
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2.2.1Development of Metamaterials

Metamaterials have recently gained much attention for their unique optical
properties. In particular, there has been interest in frequency ranges from the
visible to the microwaveandapplications in waveguides, perfect absorbers, and
perfect emitters The firstpredicted metamaterialas by V.G. Veselago from the
P. N. Lebedev Physics Institute in 1984 Veselagopr edi ct @@danede did ef t
material with negative electric permittivity and magnetic permeability. These
materials are different from traghinal materials in that standing waves can still
propagate unlike ferromagnetic materials or metalsAlso, many traditional
properties such asnSe | | 6 s | aw o p authartdiscussioo nr eivliea fste . f

handedo witladnsult witkaflguee 2.2.11.

Permeability
Quadrant II H Quadrant |
Most Metals Dielectrics
e<0u>0 €>0u>0
Permittivity
€
Quadrant 1l Quadrant IV
Metamaterials ‘
e <0 <0 Ferrites €>0u<0

Figure 2.2.1.1 Four quadrants defined using positive and negative permeability
and permittivity. Quadrant 1 consists of dielexgrsuch as optical waveguides,
Quadrant 2 consists of metaf3yadrant 3 consists of magnetic materials such as
ferrites,andQuad ant 4 i s t hhea nl doecdact i nmant eorfi afillse fstuct
metamaterials.
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All materialscan be characterizeslith positiveor negative permeability (pand

permittivity (rhajeriad canlba clags#iedhto tow disdnct

~ ~

categories: ‘ >0 and O >0, ‘ <0 and O >0
Particular attentiorshould be paid o t he <0 and O <0 catego
Aileft hando materi al p Popthermoiethesefoun monoc hr

guadrantsdescribethe physical propertieof material, be it a ferromagnetic,
metal,dielectric, @miconductor, or metamaterialigére 2.2.1.1)

In order to facilitate t heandhiowtmoussi on on
the creation of the field of metamaterialsis necessary to define some equations
and properties, such as refractive index, the wave vector, and the group velocity.
First, the index of refractiom) is defined inEquation2.2.1.1,

¢zt é 2211

Also, the harmonic wave equation should be defifphétion2.2.1.2),

F OQE» * ¢ 222

whereE is the electric field intensityQ is the max electric field, is the wave
vector (defined irfEquation2.2.13) , »is the propagation direction, is the wave

frequency, andis the time*®

—& €& 2213,

wherec is the speed of light® Equation2.2.2.1.2can then be modified to

Equation2.2.14, ®®

0 0Q M7 ' ¢ 2214
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Veselago goes on to derive the variaplé r o m Ma Equatidrsl [ The
deri vati on diegthetr nhi annedse dtoh mubuefdr+1lj whéras have a
Al eft handedopvaieofelr’ Iméffact thep valie datermines
the sign ofk; Al e f t handedo matkandl sirhghte Bhamdegd
materials have a positive

In Quadrant | of figure2.21.1(* >0 and O >0), a mater.
Aright handedo properties. For exampl e, i
can propagte within the material, as can be seekdquation2.2.14. Quadrant Il
and |V prove to be dipyf?ff eecenesimaginafy,and <0 or O
Equation 2.2.14 simplifies to an exponential decay allowing no propagating
waves. This simple outloottoes not always capture the entire picture as surface
oscillations may form at the interface when certain boundary conditions are

met >

Such conditions includa specificpropagation constant and dielectric
constantallowing the formabn of surfaceplasmon polarins however this is
outside the necessary background for this Wtk

Quadrant Il of figure2.2.11 descri bes Al eft handedo m
guadrantEquation2.2.14 once again becomes a wave as
However, thep value derived by Veselago has some interesting implications to

potential applications of thesel ef t rmatnareidal s . For exampl e,

becomegquation2.2.15,

é 2.2.15.

where the subscript 1 represents material 1 and subscript 2 represents material 2,

shownin Figure2.2.1.2 ©!
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incident

material 1

reflected

material 2

o
L5

left
handed

Figure 22.1.3Depi cti ng
(blue) at an interface usirigquation2.2.15. !

right

handed

t he

Al

eft

handed?o

As can be seefiom Fgure 22.1.3andEquation2.2.15, thep factor will reverse

the sign

of

t he transmi ssi on Tha ohgrge

and Ari

t hrough

in transmission angle has allowed for amazing properties which have been

utilized in the creation of metaaterial superlensing. Figure 2.2.1.4 summarizes

the modified harmonic wave equation and depicts optical transmission in each of

the four quadrants.
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Permeability

e<0u>0

H e >0 H >0
Quadrant Il
- D w Quadrant |
E = Eje't eV We-iwst E = Eyje'c™™™Y
Exponential A Wave
Decay
Permittivity
; w €
—E..DE? (.\'5 Ty —:wr
A Wave
I w
Decay
E
Quadrant Ill Quadrant IV
e<0u<0 e>0u<0

Figure 2.2.1.4 The propagation of light derived from the wave equation
separated into quadrants based on the sign of the permittivity and permeability.
Quadrant 1 an@Quadrant 3 allow for the propagation of light. Quadrant 2 and

Quadrant 4 create exponentially decayingreescent waves.

One of the more important points to note is that a metamaterial does not
have to fall into quadrant lll.Equation2.2.1.1 shows that if one can alter the
permittivity or permeability, one can match multiple indsxof refractionand
creak zero reflection All metamaterialshave been shown to be very useful at
creatinga designer index of refraction As such these devicevave been the
subject ofa significant amount of research. For example, the split ring resonator
geometryallows the magnetic response to be tuned independently of the electric
response. Through the tuning of each of the resonances it is possible to match the
impedance Z{) to free spacee(~ i, Z & Znd minimize the reflectance at a

specific frequencyThis is claracterized byquation2.2.1.6,

R=1T-Ae 2.2.1.6
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whereR is reflectivity, T is transnittanceand A is absobance If the material is
impedancematchedo the surrounding medi#he transmission is governed by the
guantity nokd, whered is the absorber thicknessTherefore, the transmission
through an index matched metamaterial is governed by the absorption within the
bulk with no influence from surface reflections.

Up to this point,only the material properties of metamaterials haverbe
discussed However, the question arises, A Wh a 1
p<0, or how can one tune these propefi€s shownthrough energy density
(W), it becomegphysicallypossible for negative index materiatsbe created”

In effect, T there is no dispersion or absorption, total energy would be negative
for Al eft h,asshbermnEquatien. 2.7 | s
w . F (&€ é2217

Negative total energy, however, is not physically possiblelowever, if both
sides ofEquation2.2.1.7are multipliedby frequencyw) and therthe derivative is
take with respect tow the result(Equation2.2.1.§ does not allow for negative
energy™ % It is known that andt are frequency dependte therefore total
energy can be positive en with negative permeability and permittivity.

W F—— €& — é2218

The problenthen becomes determiningreat er i al that satisfie
<0 V. G. Veselago suggesteftrromagnetic materials which have large
magnetic susceptibilitiemay qualify. Within his analysis, it beanetheoretically

possible for these mater i aeselagdfimllyhave botFl

suggestd severalsemiconductorghat would satisfy these conditions itcarrier
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mobility could be increaseff! However, it was not until 1999 that the first true
metamaterials were produced.

There has been considerable effort to construct engineered
electromagnetic materialseginningwith original work ty Pendryet al to create
an artificial material with negative permittivity*! This initial worked theorized
thatif a metal wirewas fabricatean a dielectric materigthe permittivity of the
interface could be approximatetby using the effectiveelectron mass of the

metal/dielectric @ in Equation2.2.1.9) and the effective electron density of

the metal/dielectric)( in Equation2.2.1.10)
a — §i%; ¢ 2.2.1.09
0 0— é 2.2.1.10

wheret is the permeability of free spaagjs the charge on an electranis the
radius of the wirea is the lattice constant of the pattern, aads the electron
density of the metal. If these values are inserted Edoation2.2.1.11 to
determine the plasa frequencyy , of the structure, the effective permittivity

can be calculated usirigguation2.2.1.12.

e 2.2.1.11

- p —é 2.2.1.12

Equation 2.2.1.12 may not completely capture the effective permittiaty
presentday metamaterials,but, it wa non¢heless revolutionaryEquation

2.2.1.12 allows that by placing a metallic structure on a dielectric, an effective
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negative permittivity can be obtained over the entire surface due to ansettrea
effective electron densitas compared to the dielectrfe,

This line of thought wagontinuedto determinean effective permittivity
It should be noted #i the effective permeabilitgan be calculated using the
averagemagnetic field ) andaverage magnetic flux densitg), For example if
the effective permeability was to be calculated for an array of hollow cylinters,
would be donestarting from the definition of an averaggfield, || in
Equation2.2.1.13, and averagsd-field, 5 in Equation2.2.1.14, and ending
with approximatelyEquation2.2.1.15 (the full devation can be found if62]),

5 it Oé 2.2.1.13
O 0O —0é 2.2.1.14

t p @——¢é 2.2.1.15
where,, is the conductivity of the metal andlis the current density in the
cylinder. In this exercisg  has an imaginary component, ligihever negative
in value. However, if a capacitive eleme@t is added to the hollow cylinder

array,the effectivepermeability becomeSquation2.2.1.16.

i p 6 2.2.1.16

Equation2.2.1.16 can be negative in value. Theser®latively simple examples

describenow a structure can be created with an artificially designeagadbility

and permittivity. Thestructure must have metallic elements present which alter a

di electricds pl as ntspermittieity. u Eh@ampyntobrmetdl i n t ur n

used directly determines the value of the permitthatiowing very fine catrol.
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Also, the surface must allow for a flowing curreBfj@ation2.2.1.14) and have a
capaciive element in te circuit (Equation2.2.1.16°? The amount of current
flowing, and the value of the capacitance directly control the value of the effectiv
permeability. The gap within thenetallicring (Figure 2.2.1.5)s known as &plit

gap and can be modebk as a parallel plate capacitddsing these tuning
mechanisms, it became possiblefabricatethe first true metamaterial devices

known as split ring resonatoishownin Figure2.2.1.5°!

Figure 2.2.1.5 Firstexperimentally verifiednetamaterial structurg®

There are problems withresentpermeability/permittivity metamaterials.
While these devices are perfectly scalatdenew wavelengths, technological
limitations have kept these devices from operating in the-lIRe@and midIR.
However, he benefits of these metamaterials, including perfect
absorption/reflection/transmission, imply thia¢ integraton ofthese MM deices
into the IR would benefit both IR photodetection and TPV research. Therefore, it
was the goal of this research to create an IR metamaterial perfect emitter for TPV
applicationswhich would providespectral control andmprove the quantum
efficiency d a TPV diode. Also, a metamaterial polarization grid was created

with the hope of improving Iphotodetection technologies.
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