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SUMMARY

Studies of the radiative properties of thin films and +iedal radiation transfer in
layered structures are important for applications in energy;freédrimaging, coherent
thermal emission, and aerospace thermal management. A comprehensive study is
performed on the optical constants of dielectric tantalum pergdXigOs) and hafnium
oxide (HfQ) thin films from visible to the far infrared using spectroscopic methods.
These materials have broad applications in methétectric multilayers, antieflection
coatings, and coherent emitters based on photonic cststatures, especially at high
temperatures since both materials have melting points above 2000 K. The dielectric
functions of HfQ and TaOs obtained from this work may facilitate future design of
devices with these materials.

A parametric study of nedreld TPV performance using a backside reflecting
mirror is also performed. Currently proposed rigeld TPV devices have been shown to
have increased power throughput compared to theifidiar counterparts, but whose
conversion efficiencies are lowdhan desired. This is due to their low quantum
efficiency caused by recombination of minority carriers and the waste diaswgap
radiation. The efficiency may be improved by adding a gold mirror as well as by reducing
the surface recombination velocitgs demonstrated in this thesis. The analysis of the
nearfield TPV and proposed methods may facilitate the development ofeffiglency
energy harvesting devices.

Many neatfield devices may eventually utilize metallitelectric structures which
exhibit unique properties such as negative refraction due to their hyperbolic isofrequency
contour. These metamaterials are also called indefinite materials because of their ability
to support propagating waves with large lateral wavevectors, which can result in

enhanced nedreld radiative heat transfer. The energy streamlines in such structures are

XixX



studied for the first time. Energy streamlines illustrate the flow of energy through a
structure when the fields are evanescent and energy propagation is ndterajhk

energy streamlines through two seanfinite uniaxially anisotropic effective medium
structures, separated by a small vacuum ga
lateral shift and penetration depth are calculated from the streamlideshawn to be

relatively large compared to the vacuum gap dimension. The study of energy streamlines

in hyperbolic metamaterials helps understand the-inedr energy propagation on a

fundamental level.
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CHAPTER 1

INTRODUCTION

By 2035 the worldwide demandfor energy is projected to increase to 770
qguadrillion BTU, accordingto IEO2011[1]. Furthermore, it is currenthgstimatedthat
55.6% of energy in the US is lost as rejected enggyThe majority of that energy
(26.6%) is from electrical powegeneration. While some energy loss is unavoidable
because of? law limitations,waste heat may still have exergy, meaning that devices for
recovering waste heat could have a large potential impact in reducing energy waste.
Because othe projected increz infuture energydemandsit is important to seek new
devices and mechanisms to harvest waste heat that are more efficient and provide higher
energy throughput. Many potential devices may operate on the concept dieltear
radiation, where energy thughput can be larger than in classical devices limited by the
StefanBoltzmann law.

In order to design devices that can be used to harvest waste gramyustbe
suitable materials with known properties amdirrent device limitationsnust be well
undestand in orderto devise methods to improviiture performance. Nediield
thermophotovoltaics (TPVs) are one device that could potentially be used to recover
waste energjB]. They rely ortheenhanced radiation exchange between a heated surface
(emittep) and a TPV cell (receiver) that can exceed the radiation energy exchange
between two black surfacg4]. While low throughput is a drawback of traditional TPVs,
nearfield effects allow theenergythroughputto be increasefbr the same temperature
difference between emitter and receiviérthe efficiency wereashigh as the best solar
cells,around40%,such a devicenaybe very desirablen the future Furthermorehigher
efficiency often relies on higltemperature sources and structures that exhileitiap

modes that enhance ndald heat transferHyperbolic metamaterials with alternating



layers of dielectric and metal stacked on each other in alternating layers, like books on a
desk, can exhibit hyperbolic modes that enhance-fieddr heat transfe as well as
guidedmodes with interesting energy propagation characteristibat allow the
penetration depth of radiatido become larger than expect&iiitable materials used in
these hyperbolic structuresd TPVs in generakhether dielectric, sergonductor, or
metallic will need to be chemically stable and resistant to high temperature if there is
going to be any application in waste heat recovery. The purpose of this thesis is therefore
to investigate mateals that may have potential usehigh temperature metamaterials,
understand the fundamental limitations of rAigeld TPVs, and investigate the properties

and flow energy in multilayer metamateridgtgat may eventually be incorporated into
nearfield devices. In the following section we wilhtroduce two potential materials

that have excellent properties for high temperature energy applications.

1.1 Optical Constants of Dielectric Films in the Infrared

Hafnium oxide (HfQ or hafnia) and Tantalum Oxide (@@) are important
optical coatingmaterals with high refractive indiceand broadband transparency from
ultraviolet (UV) wavelengths to the midfrared (MIR). These materials may be useful
for nearfield devices and havmany existingapplications such as visible (VIS), near
infrared (NR) and MIR antireflection coatingb,6], chirped mirrors and band pass
filters [7], UV mirrors with a high damage thresh¢&], heat mirrors fo energyefficient
windows [9], thinfilm capacitors[10], microelectronicg[11], antireflection coatings
[12], multilayer optical coating$6,13], corrosionresistant protective coating$3], and
infrared (IR emissivity modulating devicefl4]. In addition, because daheir high
melting temperature (2800 °Cfor HfO, and 1,872 C for TaxOs) and excellent therai
stability [15], thesematerials hold promise as thermal barrier coatings for turbine blades

operating in harsh and higamperature environmentd6,17] The importance of



detailed knowledge of the optical constants of these materials for design gugtiaes
essential.

Hafnia films have been deposited by a variety of techniques, including electron
beam depositiorf9,16i 19], often with ionassisted or plasmian-assisted deposition
[8,18,20] magnetron sputtering7,19,21,22] high-pressure reactivesputtering [23],
plasmaassisted reactivpulsedlaser depositiorf24], reactive ion plating6], chemical
vapor deposition[25,26], atomic layer depositiof27i 30], chemical solutiordeposition
[30], etc. A number of studies have reported the opticalgrtiggof HfO, films in the
UV/VIS/NIR region [518,19,20,23,24,27,28,31]The refractive index of crystalline
hafnia films is approximately 2.@.1 ate=550 nm([7,8,18,19,24jand reduces somewhat
for films with low packingdensity[32]. The deposition an@ostannealing conditions
also play animportant role in the optical propertieg,23,28,33] While good
transparencyf HfO, films has been shown in tMdIR up toe= 1 1 . 5], damais not
available for the optical constants of hafnia films in the MIBiowr, except for the
tabulated values in Ref34] which gives a refractive index dfifO, around 1.9 at
wavelengths from 0.6 t ofrequencies ror. optidah &ctivd at t i
phonons for crystalline Hfare in theFIR region from about 100 t®00 cm®
[23,30,35,36] The Raman spectra have been obtained for both the orthorhombic and
monoclinic phases of Hf@ single crystals[36]. Some researchers have used FIR
absorptance and Raman scattering spectra to demonstrate the aneatihgn the
crystallinity of hafnia films[29,30,35] The ab initio calculationssing the local density
approximation and the generalized gradier@thod have been carried out to predict the
phonon contribution to thdielectric function of HfQ [37,38], but without gantitative
comparisonwith the transmission and absorption spectra. At present, a practical
wideband dielectric function model does not exist for Hfms or crystals.For
NIR/MIR applications, it is desirable to have a simple explicit diele@nction that can

be used to compute the frequertgpendenoptical constants of Hf©O



Similar to HfQ, TaOs dielectricfilms can be deposited by various methods of
physical vapor deposition (PVD) or chemical vapor deposition (CMR). Different
deposition nrethodsmay result in films thathave an amorphous pha&eTa0s) or two
distinct crystal phases depending on the annealing, thatastreothombidh-Ta,Os anda
hexagonali-Ta,Os [11,39] In addition, there is also a higamperature tetragonak
Ta,0s phase that forms at temperatures of approximately 13g@0ICThe majority of
literatureon the optical constants has concentratedheUV, VIS, and NIR properties
[6,41i 45] The optical constants for a variety of dielectric films, deposited using electron
beam evaporation, have been determined and tabdifatad).6 to 12 umn Ref.[34]. It
was shown that T&s has a refractive index around 2.0ttwhegligible absorption from
0.6 up to 10 uni34]. Chandrasekharan et §46] reported the MIR properties of 3@
films and studied the development of a Sl@yer at the interface between the film and
the Si substrate due to heat treatment. Frankd. §4848] investigated the optical
properties of amorphous and crystalline@afilms from the deefJV to FIR using SE.
The dielectric function was modeled based on thedhegpe analysigp to a wavelength
of 40 nm. However, strong phonon modes exisiliaOs at wavenumbers between 200
and 300 crit (or wavelengths from 50 to 38m) [49]. In order to fully describe the FIR
dielectric function of TgOs films, it is imperative to consider these phonon modes in the
dielectric function model. The study ofetrIR properties of materials may be useful in
designing absorptichased filters as well as in understanding the atomic bonding
structureg49].

This thesisdescribes an investigation of Hf@nd TaOs optical properties from
the VIS to FIR with a focusn the NIR and MIR region, where phonon absorption is
insignificant, for applications as a nabsorbing optical coatindzilms were deposited
on doubleside polished Si substrates using DC magnetron sputtering and the films were
characterized with Xay dffractometry (XRD) and atomic force microscopy (AFM). A

Fouriertransform infrared (FTIR) spectrometer measured the-m&amnal transmittance



and reflectance for incidence on both the film side and the substrate side from Amto 20
wavelengthsThe thickness and optical constants of the films are obtained by modeling
with various physical models of the dielectric function in different regions of the
NIR/MIR/FIR spectrum. Both of these materials are good candidates for use on the high
temperature side of AV systems because of their stability and high melting point. After
introducing some candidate materials the next topic of study in the present work are the

limitations of neaffield TPV efficiency.

1.2 Nearfield Thermophotovoltaics

Thermophotovoltaic TPV) cells are semiconductor junctions that use infrared
(IR) radiation from a thermal source (~16P000 K) to generate photocurrents. These
devices have many desirable features such as silent operation and portability. TPV cells
have been shown to acheepower densities orders of magnitude higher than commercial
batteries[50]. However, traditional TPV devices suffer from low power throughput
because of the limitation imposed by the blackbody limit of thermal radiation. Basu et al.
[51] provided a thorogh review of the applications of nefield TPV devices to energy
conversion, including their advantages over current technologies [5].

The blackbody limit can be overcome by néald radiation enhancement where
photons can tunnel across a gap thatnsthe order of the characteristic scale of the
radiation. This allows nedreld TPV systems to achieve power throughputs that exceed
the blackbody limit because of evanescent modes that couple between the two surfaces.
This additional energy flux also gt¢ more room for potential efficiency enhancement
with filters, while still maintaining higher heat transfer rates than traditional TPV devices.
Despite their advantages over traditional TPV systems, the low predicted efficiency of

nearfield TPV cells issomething that still needs to be addressed.



The performance of nedield TPV systems has already been investigated
theoretically first by Pan et a[52], between two identical dielectric materials, and
subsequently assuming 100% quantum efficiency bpdtee et al[3]. Narayanaswamy
and Chen[53] studied enhancing neéield TPV performance with the presence of
surface modes. Whale and Crava]Bd] modeled the performance of a cell constructed
of the ternary alloy of InGaAs and considering the recoatimn losses by assuming a
uniform photon flux with an effective active area determined by the carrier lifetimes,
Park et al[55] modeled the minority carrier diffusion to account for the recombination
effect. Francouer et aJ56] expanded this to incledthe effect of temperature on the
efficiency and determined the amount of cooling needed to maintairfieldaim PV
performance. In addition, there have been several experimeasuring heat fluand
current generatignOttens et al57] measure the hedransfer coefficient between two
sapphireplates near room temperature separaied2-100 umgap, Hu et alf4] showed
measuredheat fluxes excee@d the blackbody limit using two glass plates separated by
spherical polystyrenspacers with 1 pm diametbetween two platedHanamura, et al.
[58] demonstrated an increase in the current density as the separation gap spacing
between an tungsten emitter andTHV cell was decreased using a piezoactuator, and
DiMatteo et al.[59] demonstrated an increasethre short circuit current generatia
submicron spacingsising a InAs TPV cell withmicron sized spacerand a piezo
actuator to alter the gap spacing periodically

Initial studies of the performance of ndeld TPV systems either overlooked
limitations in quantum efficiency3] or, when considering recombination, reported
efficiency values as a function of gap spacing #rat around20% or lower at smaller
gap spacing$55,56,60] A realistic performance limit for the efficiency of ndasld
TPV devices may be aroundl0% based on the current state of the art for solar[6dl]s
which would be a significant improvement over current estimates forfieéhrTPV

devices. The values reported in previous studies do not consider any modern techniques



for optimizing cell efficiencies such as heterojunctions, windows, -baitek reflectors,
filters, etc. This study will use the fluctuation dissipation theorem to determine the spatial
photocurrent generation inside of a néald TPV cell and model the cumnt generation

and efficiency of the cell using the minority carrier diffusion equations. This will expand
previous studies by showing the effect of reducing unusable radiation using a Au mirror
on the backside of the cell and show a reversal in someediréhds observed in the
efficiency for an imperfect cell with changing gap spacing, if the surface can be prepared
to a suitable level so as to reduce surface recombination. Furthermore, the efficiency as a
function of gap spacing will be shown to be mutiser to the 100% quantum efficiency
than previously shown after the structure is optimized, which may be accomplished using
techniques that are similar to those applied to modern high efficiency solaFowléy,

having looked at the limitations @lurrent devices we move on to the studyenergy

flow in metallodielectricstructures that may improve device performance even further.

1.3 Metallodielectric Photonic Crystals

Another interesting nedreld structure is the hyperbolic metaaterials, whih
may consist of multilayers of metallic and dielectric material or frads with metallic
properties[62i 64]. These structures can often be treated as an effective medium which
has anisotropic propertig62,65,66] Furthermore, hyperbolic materials, iain due to
their anisotropic properties deviate from the usual elliptical dispersion, have the potential
to image or guide evanescent waj@&g 68]and offer unique possibilities for apgditions
in nearfield devices.This unique dispersion results in ypolic modeswhich can
enhance the heat transfer rate beyond the blackbody limit. In addition to the hyperbolic
modes if the metal filling fraction is large hyperbolic materials may also exhibit surface
modes as well.

The energy exchange in the néiald between two senrmnfinite isotropic and

anisotropic media has been investigafé€li 72]. The concept of energy streamlines,



which had previously been used in acoudf&, was introduced to nedield radiation

to show the direction of propagation e¥anescent wavelg4,75] which cannot be
determined simply by ray optics. The energy streamlines trace the net direction of heat
flux inside of the structure, and since there can be a large lateral shift in the energy
streamlines associated with the Rrgansverse component of wavevectors that are able
tunnel through the vacuum gap, the energy streamlines through bulk isotropic media was
studied in order to characterize the typical dimension of this lateral [SHif76]
Furthermore there isextraenrancement associated with surface modes, which can have
an extremely large transswe component of the wavevectdhis mechanisnof energy
transfer enhancement was studied in R&8] and can result in large lateral shifts of
energy

In an investigatiorf energy transfer in the nefield the typically the parameters
of interest are the total heat flux, penetration depth, and lateral displaceasent
calculated from the energy streamlines. The heat lflagbeen studied for uniaxial
anisotropic media aha simple expression for the heat flux across the vacuum gap has
been introduced69i 72]. However, previous studies on lateral displacement focused on
isotropic bulk or multilayer media, but did not consider bulk anisotropic media.
Therefore, the lateratlisplacement and streamlines in such structures has not been
investigated and the Greends function met
perpendicular and lateral components of the Poynting vector inside of the uniaxial
anisotropic media and vacuuyap.

This work will investigate the pertinent characteristic dimensions of such
structures with a gap spacing between two metallodielectric photonic crystals of 10 nm,
by sol ving for t he energy streamlines u
charactestic dimensions are based on the overall lateral displacement of energy and the
penetration depth of energy into the medium which are calculated at characteristic

frequencies within the materials hyperbolic moded elsewhereA structure must have



dimensons which are much larger than the characteristic lateral displacement in order to
remain one dimensional. If the lateral dimensions are too smalfieshiheat transfer
may be limited because the presence of larger lateral wavevectors may be limited or

altered by the dimensions of the structure.

1.4 Outline

This thesigs divided into 8chaptersChapter2 is an introduction to the theory of
dielectric function models and the equations that mtigetransmittance and reflectan
of thin films and multayer structures. This chapter also covers the fundamentals ef near
field radiation between two bulk materials and multilayer struct@bkapter 3 covers the
apparatus used to fabricate and measure the optical constants of ghenHfCaOs thin
films. chapters 4 and 5 predetine characterization of the films of HiGnd TaOs
respectively. Chapter 6 looks is a parametric study of limiting factors irfiethTPV
performance. Chapter 7 is a study of the energy propagation through multilayer
metallodelectric photonic crystalgzinally, chapter 8 presents the overall conclusion of

this workand potential for future continuation of this work



CHAPTER 2

THEORETICAL BACKGROUND

This Chapter covers the basic models for diedectric functionused in thelR
region the equations for modeling transmission and reflection of film structures, provides
and introduction to hyperbolic materials, and covers the fundamentals of isotropic near
field radiation in 1D structuresin section 2.1, thalielectric functon modelsof free
electrors andphonons as well aghe dielectric function due tbandgaptransitions at
subbandgagdrequencieswhere the bandgap absorption basome negligibly smalkre
discussed In section 2.2 he radiative properties of 1D sttuces, such as the
transmittance and reflectance formula for free standing thin films and thin films on thick
substrates are presented, as well as the transfer matrix method for multilayer structures
are introduced Followingin section 2.3s a presentén of hyperbolic materials anithe
effective medium approximation of dielectric constamtsich treats a nchomogenous
materal as a homogens media. Finallyin section 2.4he chapter is concluded with a
presentation of the thepof nearfield radigion, the G e e n 6 s , ahdieguationsdon

multilayer and seminfinite structures in the nedield.

2.1 Dielectric Function Models

2.1.1 The Dielectric Constant

For a homogenous, isotropic material the relationship between the electric field
and thedisplacement current is given bg7]

D=eE 2.1)

1C



where the factore is the dielectric functionwhich is a property of the material that
depends on the frequency of the exciting electric field, where the electric field is of the
form

w k)

E=Eye 2.2)

In general the iglectric function will be a complex number. For rmragnetic
materials the dielectric function is related to the refractive index of the materaid

the extinction coefficientk , with following equation.
. 2
e=(n + ¥ (2.3)

The frequency dependence of the eotlic function is often modeled
phenomenologicallyby treatingthe interaction of vibrating atoms with the electric field
as a mass spring damper systemfor free electrons as a damped systiwen by the

oscillating electrical field

2.1.2 The Lorentz Model of Atomic Vibrations

When thedriving electric field is time harmonic as in E@.2) the equations of
motion ofan atom modeled as a mass spring damper system can be forittesingle
oscillator modg as

ma+mg v +I§x & (2.9

where m; is the massa is the acceleratiorvector, g;is the damping factorK;is the

spring constantv is the velocityvector, e is charge of the oscillatpand x is the
displacement from the equilibrium positioAssuming a time harmonisolution the

displacement of the particle che found by solving the force balanaguationto give

sl E (2.5)

2

sz-ig w “w

X =
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where wj;is the resonance frequency of tfe mode. The resonance of the spring is

related to the spring constant and massuby- /KJ- /mj . The dipole moment per unit

volume (polarization)depends on theaumber densityn;, of the oscillator mode and is

given as

P= n; ex (2.6)

Using the constitutive relations between the electric field and the materials polarization

one can derive the Lorentz model for a single oscillator

We
V= 4 L 2.7
e( © WJZ g w 2 =7

wy is called the plasma frequgnbecause of the similarity form the variablenas in

the Lorentz modeio the plasma frequency of the Drude mottebe discussed next is
not related to a plasma phenomenon, taiher has to do with the strength of the

oscillator modeln terms ofthe parameters of our mass spring damper model the plasma

frequency is ug =n; ez/( @n}), where g, is the permittivity of free spaceThe

terme, is due toany contribution to the dielectric function from heglenergyresonance

terms and is a real valued number. The Lomemhodel obeys the Krameksonig
dispersion relationi78] between the real and imaginary parts of the dielectric function,
which are constrained through causality. The Lorentz model is an effective and simple
model for phonon modes in the IR region of spectrum and is widely used to report the

dielectric function of materials with phonon bands.

2.1.3 The Drude Model of Free Electrons

The Drude model isa dynamicanalogto the Lorentz model but describes the
contribution of free electrons to the dieléctfunction of a material. Essentiallfree

electrons are damped Isgattering but are not confined to a lattig®sitionby a spring
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constantas in the case of tHattice vibration modesThus very similarto Eq.(2.4) the
system has théynamicalequation

ma+ mgy =& (2.8)
The terms are again the same definitions as in the Lorentz model, but pertaining to

electrons rather than atom&gain, assuming a time harmonedectricfield, such as in

Eq. (2.2), thesolutionfor the velocity vectocan be written as

v=8M e 2.9)
g-i w

Since the current is related to the electlaft velocity by J = +.ev, the conductivity is

related by compl ex OklmB,andlthasempler conductvitydsu r r e n
related to the dielectric function of the material[B§]
S= g4 u (2.10)

It can be shwn that this systendielectric function is given by

WZ

e( )= °ew(Tpi); (2.11)

where w; is the plasma frequencyhich for most metal falls somewhere in the UV

range of the spectrunthe plasma frequency is related to the conductivity of the metal

according tow, =/% o, wheres is the DCelectricalconductivity of the material

and g, is again the permittivity of free spac&€he plasma frequency is calledich

becase of the similarity betweefree electronsn a crystaland a ionized gas. The
plasma frequency gives the freqaoy scale at which electrons are able to relocate
quickly enough in respons® the oscillations of thedriving electric field and thus
effectively cancel out the electric field inside of the mediumound the plasma

frequency metals will be highly reflecgnat lower frequencies the metal is highly

13



absorbing and at higher frequencies the electregaanotrespond rapidly enough to the
oscillations and the waves are relatively unaffected.

In this work we areoncernedvith modeling thadielectricproperties offilms that
poses defects that lead to a small free electron concentration, as well as modeling the
radiative properties of doped semiconductors and methish both have free electron

Drude terms.

2.1.4The Cauchy Equation

In the VIS and MR regian of thespectrum there can still remain sodispersion
of the didectric function due to bandgamnsitions.In the spectrum from 370 to 1000
nm, bandgap and lattice absorptiorthie dielectric material®f interestcan be neglected.
Therefore the imajinary part of the dielectric function in this region is very small. It is
typical to model the frequency (or wavelength) dependence of the dielectric function in
this region with the Cauchy moddlhe Cauchy dispersion e ofthe simplesbptical
consantformulas with only twoadjustable parameterandit gives the refractive index
as a constant with a correction term that is inversely proportional the wavelength

squaref79]

n/)=Je < % (2.12)

Sometimes and additional term df # [7,18,19] is introduced to ackve a better
agreement with experimental dafehe efect of this higheorder term willnegligible at
wavelengths greater than 370 rian the materials considered in this the$Mhile the
physical basi$or the Cauchy dispersiasincorrect, e.g. it idased on an outdated model
and itdoes not meet the Krameksonig relationsthe Cauchyequationremains common

in optical constant modelingecause of itaccuracy angdimplicity.
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2.2 Radiative Properties of Thin Films

2.2.1 Transmittance and Reflectanceof Thin Films

If the dielectric function is known, the transmittance and reflectance of film
structures can be calculated from ray tracing models. If the coherence length of the film is
comparable to the wavelength of light, phase information will besepved by
electromagnetic waves upon multiple reflections within the film. For a free stafiltin
such as shown in Fig. 2.the transmittance and reflectance are given by the Airy formula

which has a complex reflection and transmission coeffisginen by[78]

2ik, ,d
tolof i
r=ry, +£2 2§2ikzz - (2.13)
1-rpfr o™
ik, d
t=_def © (2.14)
2k ,d '
1- 8™

The definition of thet; andr; are the ratio of the magnitude of the incident electric field

to the transmitted or reflected electric field for TE wavasd correspondingly the
magnetic field for TM wavesat an interface beteentwo semiinfinite media,i andj,
and are known as the Fresnel coefficierfbe Fresnelcoefficients betweennon

magnetionaterials andj can be determine using

kiz - k'z
lj,TE = —kiz " ka (219
2 iz
tjTE = < fka (2.19)
kiZ/eI - ka/ 19
I‘i- = (217)
ks kIZ/eI + ka/ ?

tij L kIZ/eI + ka/ F’
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where thek, is thez-component of the wavevectom medial when the electric field is
decomposed into the form of E@.2), the g is the relative dielectric constant in this
media, and the magnetic permeability is absent from the equations since it is taken to be
that of free space (or relative perbdity of 1). From Fig. 2.1it can be recognized that
Egs.(2.13)and(2.14)follow from the sum of the geometric series that results by adding

all of the transmitted or reflected components.

The coherence length of a film can be gubmplicated to alculate because it
depends on the light source, film, and the detector. Since we are dealing with IR radiation
anything on the order of microns or thinneray display interference fringes in the
transmittance and reflectance becausthefexponential tens in Eqs(2.13)and(2.14)

The transmittance antdeflectance of the free standing film structure (assuming that
medium lis lossless) are

2 2ik.,d 2 3 ik d
up Nalyaly e Holiaty 1s€

ik ) Sik. 5d
Yhead Lolysly e

ik. »d

1,15,€ l1aly315 1hs€

Figure 2.1 Ray tracing in a thin film with multiple reflection. The total transmittanc

reflectance is the sum of all of the rays after multiple reflections.
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R=1r (2.19)

M tt" for TE waves (2.20)

Re(k: x

T= Mtt for TM waves (2.22)
Re(k,/€3)

where k3, and k;, are thez-component(perpendicular to the Ifn surface)of the

wavevectorfrom Eq. (2.2) in medium 3 and 1 respectively arg and e; are the

dielectric function. Note that star denetthe complex conjugate.

2.2.2Thin Films on Thick Substrates

In the case wheriere is a thir{coherent)ilm or multilayer stack of filmson a
substrateandthe substrate has a coherence length that is shorter than the wavelength of

light, the phase information will be lost upon multiple reflections of light in the substrate

Film(s)

Film(s)

i
r
S
Figure2.2 Schematic of coherent 1D structure made of one of more layer on top and bott:

incoherent substrate.
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layer. A thin film, or stack of thin fins, deposited on this substrate will sthiave
interferenceeffects due to the multiple reflections insidegure 2.2shows a schematic
with ageneric stack of thin filmenthe top and bottom & thick(incoherentsubstrate.
Following is an explanain of the definitions of all the variables shown in the
figure. The effectivereflectance coefficient for incident raysom the ambienttop side

throughthe film stack toa semtinfinite substrate isr,, and f,is the corresponding

transmittance of this stcture The reflectance coefficient between the substrate and film

interfaces,, is the reflectance calculatedhen the incidence is frominside a semi
infinite substrate layer to a semfinite ambient througtthe film stack,and 7 is the

transmittance ofhis structure. The transmittance through the fénindependent of the

direction and thug, is equal toz,. On the bottom side of theeflectance g, is the

reflectance of a film stack with incidence from sénfinite substrate t@ semtinfinite

air and the transmission 7, is the transmittance of the same structiimally, the
internal transmittance of the film is:exp( -ZkZ‘gdi), where k, 4 is the imaginary

component of thez-component(perpendicular to the interface in Fig. 2.8) the
wavevector in the substrate. i@ that thisis squaredand hencat is already based on

the power decay so that no phase information of the real component of the wavevector is
carried. In the case of a single film on top or bottom all of the transmittance and
reflectance values careltalculated with the Airy formulas of Eq®.13)and (2.14) In

the alternativecase that there is no filig) on the top or bottom of the substrateall, the
transmittance and reflectance are just those of an interface, which is simply based on the
Fresnel coefficierd from earlier in the chapte©Once the individual components are
calculate the overall reflectance and transmittance of the film can be calculated from the

following formula for a thin film on thick substrate.
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2
R=r, # 2.22)
1-rg g

T=_fod ! g (223
1-rg

The tranmittance is independent of the incident direction because of the symmetry in Eq.
(2.23) that occurs when the b and s subscripts are flipped. The reflecteowever
depends on which side the light is incideand can be found for the backside by
applying Egs.(2.22)and(2.23)to the reverse structure in Fig. 2.2. Energy conservation
also implies that the absorptivity of the fils) on substrate structure will also change

depending on the side that light is incident from.

2.2.3The Transfer Matrix Method

The transfer matrix methad a convenient method to calculate the transmittance
and reflectance of multilayer filmdt separates the electric field in each layer into a
forward and backward propagating component, as shown i2.Eighe amplitude ofite

forward component in layeris A and the amplitude of the backward componer is

For TE waves is it more convenient to use the electric field in each layer thus the electric

field is given by for TE waves
Ei (Z) — Alékiz(zi_ ;-1) +B e'”ﬁ( 7 ?a) (224)

For TM waves the same relation damobtained by replacinfpr the electric field with
the magnetic fieldnd the magnetic permeability with the dielectric functiBacause of
the continuity of the tangential component of the electric and magnetic field in each layer

the amplitude in lagri can be related to the amplitude in layet by a transfer matrix

M-
eA o_ Ag 1 A
é aPiD|1Q+1 é :'\E;li' . (2.25)
&8 u B& B4
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where he propagating matrix is given by

=
o

_.IZZ O

0 elkizdz

(2.26)

)
I
(m\ ('D\(?l

in any of the layers except for the semfinite first layer where the propagation matrix is
simply the identity matrixThe propagating matrix captures the change in phase that
wave undergoes traversing fitle layer. The dynamical matrix for TE waves, on the other

hand, captures the properties of the layer and is given by

! 1
" &/m -k m

Essentially combining the dynamical nrax from layeri+1 and the dynamical matrix

(2.27)

2,
23
o :
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Figure 2.3 Schematic of a multilayer structure for the transfer matrix method, waves
from a seminfinite layer propagate through ttetructure. Every layer except the last h.
forward and backward wave, the amplitude in lalyés related to the forward and backw

amplitude at the surface by a transfer matrix.
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captures thacatteringof the electric field due to the abrupt change in layer properties at
the interface. For any arbitrary number of layers the total transfer matrix can be
calculatedas well,and the folbwing equation can be applied find the field amplitude

in relative to the incident amplitudayer.

e z e 4] :
Al g O PD qﬂep’\' u:MlN A (2.28
& 1 o
The field amplitude in any layer can of course be found by
s %) e
eAL UOPD qﬂgA U:Mnl AS (2.29
& Ui &5 BE

For TM wavesthe recipraity between electric field and magnetic fieldncbe used to
find to find the corresponding transfer matfbhe magnetic field in each layer will take

the form
Hi (Z) — ,Alié.kiz(zi' 4-1) +B e’”&( 7 ?-1) (230)

where Aj and Bj are the forward and backward amplitude of the magnetic field, which

can be evaluated from the TMM if tdgnamical maix for TM wavesis modified to be

1

p=¢*
! 8(iz/ei 'Kz/ €

The TMM can also apply to a uniaxial anisotropic media, as discussed later in ghapter

(2.31)

2.3Hyperbolic Metamaterials

For multilayered structures with alternating layers of dielectric material with a
positiverefractive indexand negligible absorptigand a dispersive layewhere the real
part of the dielectric function is less than zeran exhibit unique properties. Typically in
the IR thesalispersivematerials will be doped serabnductoror meta) which have a

Drude term that can lead to a negative refractive indeg Fig. 2.4The properties of
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Figure 2.4 Multilayer structure consisting of alternating layers ethirand dielectric which for

a metallodielectric photonic crystal.

these multilayer structures can be determined from TMM or they can be treated as a
uniaxial homogenized medium with anisotropic properteish the opticalaxis in the
vertical z-direction Under the effective medium approximation the dielectric function

becomes a tensor ahds the form.

& 0 0
e=g0 ¢ 0 (2.32)
g0 0 g

where g, = ¢ =. For a multilayer laminar structure basedtba Wiener formuld80]

the dielectric functions are givday

g=f g {1 f) 4 (2.33)
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_ & M
= 2.34
e ) g &9

here the subscripts m and, tthisasfamtherldose i met a
term since metal can refer to any dispersive material with the properties that make the

real part of one of theequations above exclusivelyegative. An effect known as

screening occurs in@erfect conductowhere charges repositiam the surfacéo cancel

the electric field insideEssentially theseeffective formula result from theease where

the electric fiend is parallel to the layers dhdre is no screenin@niform electric field)

of the field Eq.(2.33) and perpendicular to the layer where there is maximal screening

(uniform electric displacementleq. (2.34)[80]. The coefficient f is the volume filling

fraction of ondme fAmetal 6 comp

The dispersion relation for a uniaxial isotropic mediayiven by the following

equationg62]
k2 +kZ B ks (2.35)
kgz + k(2 2
ez 4t (2.36)
& £ 0

where kZ = k? +k3 Ko =W/ ¢ is the magnitude of the wavevector in vacufag is the

speed of light in vacuumk,, is thez-component of the ordinaryavevector, and,, is

the zcomponent of the extraordinary wavevectdhe first equation is for ordinary
waves (TE) and is like an effective isotropic media because only one dielectric function is
present. The second equatimr extraordinary waves (TM)is for an ellipse if both the
dielectric functions have the same sign. If the dielectric functions have the opposite signs
then the dispersion becomes a hyperbola. An illustration of tiyperbolicdispersion is
shown in Fig.2.5. These types of ntarials are of interest in nedreld heat transfer

because they have allowed modes with infinite lateral component of the wavevector. It is
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these modeswhich are normally evanescent in the-fi@td, that contribute to the
enhanced heat flux associated withrragld radiation.

The first type of hyperbolic modg@yperbolic I)hasg >0 and ¢, <0 and results

in the dispersion shown iRig 2.5 (a). In a norabsorbing media the group velocity and

Poynting vector arperpendiculato the dispersion curve

= 1
§_—|Dk WkaW (2.37)

The Pgnting vectorS shown in (a) exhibits an interesting phenomenon known as
negative refraction that has potential applications in-fiell imaging where evanescent
modes can be imaged allowing the resolution limit of traditional lenses to be exceeded
and esults in the formation of an image from a flat lens, rather than requiring a curved

lens.In negative refraction the vacuum Poynting vector, which is coincident kyiths

initially pointing to the right in the figure, but is bent backwards to the leéinanhenters
the medium.

The second type of hyperbolmode (hyperbolic Il)has ¢ <0 and ¢, >0, and

also is a so called indefinite material that can support very latggal components of the

wavevector. However, for small lateral components there will berbidden sincek,

must be continuous inside of the mediand there is a region that is disconnected
between the hyperbola in the dispersion curiidlis material will not exhibit negative
refraction but hasinother interesting propertin that wavevectomside of the medium
will have a flipped zZcomponentsince the Poynting vector must point davard as
shown in the figure

Metallic films can exhibit negative refraction since single negative materials (e.g.
the magnetic permeability is still positivelike a double negative material) only require
a negative real part of the dielectric funct{8i]. However, real mterials must obethe

Krames-Kronig relations mentioned earli@and will only have a negative real part of the
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(a)

(b)

TH—t

Figure 2.5 The isdrequency dispersion diagram flor hyperbolic materials withg(l») 0 and

& < 0 the circle represents the dispersimhlight incident from vacuum andhé hyperbolic

curve inside of the anisotropic slab atihat the Poynting vectas refracted negatively ani

(c) ae< 0and & 0, in this case the pointing vectisrnot negatively refracted

refractive index if therégs some nofzeroimaginarycomponent. This means that single
negative materials will be naturally lossy in the region of the spectrum where they exhibit
hyperbolic behavior. This shortcoming caa bvercome by using multilayer metallo
dielectric hotonic cystals or semconductor dielectric photonic crystals, which can
have a total thickness of the single negative material component that would exceed the
bulk skin depth of that material alone.

Finally, noting that the effective medium approximation onpplées for certain

conditions[82,83] such as the projected wavelength being much larger than the period of
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the structureThe hyperbolic dispersion is not the only interesting phenomenon of such
structures. There is also anotl@renomenon in these struces,which is FabryPerot

like resonance if the dielectric layer thickness is a multiple of the projected wavelength.
This work is concerned only with the effective medium and dispersive phenomenon of

MDPCs.

24 Theory of Near-Field Radiative Heat Transfe

241Gr een 0s F uRctaation Dissipatioth Theorem

For radiative transfer in the near field, the tih@r moni ¢ Amper eds | &
be modified to account for random thermal current fluctuations in a dispersive medium
[84]

D3H(r,w) =iwnkel, )W, £, ) (2.39)
where J, represents random current density fluctuations caused by thermal excitation

inside of the media. The ot her [7Rlakismew | 6s e
set of equations is known as the stochast
sources mit radiation that is distributed across the frequency spectrum according to
Rytov [85], who used the fluctuation dissipation theorem to derive the spectral density of

current fluctuations, for an isotropic media:
L. _we ;. -
(3en (1. W) 37 (1, W>—7 di mMQ(wT) ¢ @-ri) (239

where Q(w;T) is the mean energy of éhplank oscillatorat temperaturd, &, is the
permittivity of free spacegj is the imaginary component of the dielectric function at
spatial coordinate, ap; is the Kronecker delta, and(r - r i) is the Dirac delta function

[84]. The mean energy of a Plank oscibiais of course

_ hw
exp(hw/kgT)- 1

Q(wT) (2.40)
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where7 i s Pl anko&s ¢ o2psandkp ts thel Boltzmana donstanbince

these fluctuations represent random perturbations that occur even in the absence of
temperature gradients, there is no net taweraged current. Oadhe spectral density of

the fluctuating current I's known, the sto
considering a random current source in the form of(E§9).

For pl anar mul til ayered 1D structures
stochmst i c Maxwel |l 6s equations is found by
scattered waves generated at interfaces by a current source, as well as direct waves from
the source if it is inside of the medium of the rece[8é}. For convenience, the effeat
scattering at interfaces is expressed in terms of the coefficients of the traditional transfer
matrix for multilayer thiafilm optics using the optics formalism introduced by Jige].

I n cylindrical coordinates weérmsafithe wavepr es s ¢

vectors b and g, which are the radial component anrdomponent respectivelyl.hese
are related to the Cartesian wave vectmsd previoushaccording tob? = kf +k§ and

g=k,. Following the work of Francouer et §87],t he dyadi c Cdorthends f |

electric field E and magnetic fieI,dE , can be decomposed into an integration akier

radial wavevectoas

G=f db ¢ .bz.w (2.41)
E:ﬁ]ud E(h,zbg,w) (2.42)

whereb is the radial component of the wave vector in cylindrical coordinates, which lies

in the plane of the interfas, z is the current source location, is the receiver location,

anda andﬁ arethe Weylrepresnt at i on of t hretio® Heradforthe Gr e e n

1D media,z is defined into the depth of the cell as shown in Big, and the radial ox
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andy comporents would be parallel to the surface of the cell. The electric and magnetic

fields are related to the Greends functi on

E(r,w) =i wifG (r s, ), (re, W)d¥ ¢ (2.43)
HE W)= (5 o7 i, (rew)d® (2.44)

where the integration is over all of the volume containing fluctuating curoemtes.
These equations of course give the magnetic and electric field at an observation point

located atr , due to a random current sourdg, atrg. The integration is over the entire

volume wherethe current sources are located,. Th e Gr e e n fosthefelactric t i on

and magnetic field are reIaEeE13=thj7|efLMaxwell
expressions of t hearediyea ihihe follGving seatibnsacdnben ct i o n
found in ref.[87] , where it isevaluated in terms of the solutions béttransfer matrix

method (TMM)[78] for a layered media.

242Mul t il ayer Greends Function

Consider an arbitrary multilayer structwsbown in Fig 2.6therandom current
sources of the fluctuation dissipation theory may be embedded in any arbitemslay
The electric and magnetic field in any other layenf the structure can then be found
from t he Gr een6s solirceambddded in stritified eagth. This problem t
has been solvepreviously but oneof the most convenient solutios that of Sipg86]
who applied surface optics to solve the problem. The electric field behaves very much
like classical plane wave radiation which emanates from the current source lagation
and the boundary conditions determined by the Fresnel coefficéad phase change
under multiple reflections are all similar to classical optics. However, in the case ef Near

field radiation the electric field propagation and energy propagation are not necessarily
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Figure 2.6 Current source imbedded in lag@f a multilayer structure and the electric fiel

creates inlaydrar e rel ated by the Greends functi

coincident, which wi be a subject of chapter Thside of the layer there will be a portion
of the electric field thatmanatedrom the source current that has not been influenced by
t he boundari es. This is termed the primar)

Weyl component of Eq2.41) is given by[87]

-

0o (02,2 = o 7+ p e B2 71 (249

S
where g is thez-component of the wavector in layed and 4 is the radial component

of the wavevector in layer. The superscripts- indicates that the wave is traveling
forward Gourcelocated below the receiver) from the source pamd < indicates that it

is traveling backward (source located above the receiver) from the sounteTpa + or

T superscript indicatevhether to use the forward or backward TM component of the
electric field. The appropriate term must be selected wperiorming the integration of

Eq. (2.41) since if z> 7z the forward primary term must be used, andzik 7z the
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backward primary wave term must be usédr an isotropic medium the TM vector is

given in cylindrical coordinates by

i -Tab & (2.46)
¢Q2+|5

and the TE vector is

&= & (2.47)

This electric field undergoes reflection and refraction as in classic optics. This reflection

and refraction results in the following expressiomny layer

SS,I (6.2,2,w)
i g:(ATTE +ATe B TE B,T-E)EOE (249
=_e o + - _ = ~
29, g +SeA,TM$%E: A,'EM 5 & ) ] E
é ge +B v sB BTm§ ?E

Wherethe + ori superscript orthe coefficients”A and B, indicate whetherhte term is

due to a forward or backward emitting current source as explained in more detail in Ref.
[87]. The coefficientsA and B, correspond to the wave amplitudes of the forward and
backward wavesgespectively,as can be found by TMM, but the exponenfjalhase)

terms have been absorbed into them to keep(Z48) compact.The coefficientsare

defined byfirst solving the following two matrix equations

+

eAY 1 O e 0 g&dalz.-2) ¢
é " GMgyniMosé U U (2.49
e 0 g T éBore g O 0
eAL [} e 0 ge O g
ENTE Mg NIMos6 U g (250)
e 0 u i @Bo,TE gee g

this gives the value of and B, in terms of the transfer matrices given in secdh?7.

Finally, in any layed
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- - ~ Vst 0sS,+ 2 < |
e ) o TR Fee v 0 02 7
Ant A9(z-7.) U= N '
efiree UiMge. & 7<%
| Yt <
1 @BO,TE ¥]
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) 1 A A 0Z, >

A - Z - ) A S+1| OSQ + ‘e| H " u’ | ZS
An- dg(z-2.) 0= '
cBiree UMoe & 7<%

i " éBoTE D

Similarly for TM waves you can use the above formalism but the transfer matrix will
give you the amplitudes of the forward and backward magnetic field, which does not

change direction in each layer. In erdo find the amplitude in terms of the electric field

you must scale the coefficients Qﬁ/ \j_§ to account for the different directioo$ |
and ES between layersfor example if the electric field in laydrdue to a forward or
backward source is given by

HY = A @97 %) g pi b ?) (2.53)
Has coefficientsAj and B that are found using the TMM fofFM waves, but the

coefficients A 1y, in Eq.(2.48) would be for example

o _a
=1 254
A,TM \/e—s A‘ ( )
to find the electric field magnitude from
function in a norsource lger is given by(2.48) but for a source layer the total Weyl
Greenb6s function i $245 and(@48). by haddiamggpe EQgs . |
function can be fountdy taking the curl of Eqg2.45) and(2.48) to give.

—

k Ot 2 Zi o~ & .
hs.( 6,z zi,w) = — 6 EE'!JS(Z 7) 'EQZ 2)i -
ps(b.2,2i,w) 20, gEso op'E (255
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hs (b2, 7,
K g(AJTTEﬁt"A,'I:é)IEiB,TEﬁ £B ,TEp-)OE_ E (256
20 g - E(ATTM PE A TmPs EB BT BIup ng
where the coeffi@nts are thexactsame as previously mentionedn t he el ectri c
function. Once the Geends function components are k
magnetic field can be fourfdbm Eqs.(2.43)and(2.44).

The heat fl ux c¢an b efunetiorasblutiens ey findihgrthem t h e

time-averaged Poynting vector from the cross product of the electric and magnetic fields

in the usual way.
(Su(rw)) =3 ReGE(r )* W' (r w)g (257

Once thez-component of the Poynting vector as a function of depth is determined, the
distribution of dsorption and penetration depthn be determinettom the Poynting

vector Expressing the Poynting vector in thé j direction int er ms o f t he G

functions gives

2 = o * *
Ss; (mr):%lqegi é(i )ﬁ Z?F(g, h -g m) dzd i (258

thus in an arbitrary laminar structure the heat flux inzthe radial directiorcomes from

Eq. (2.58)by choosing to ber andj to begori to bezandj to be g, respectively.

2.4.3 Heat Transfer betweenTwo Semtinfinite Layers in the Near-Field

For two semtinfinite media,as shown in Fig. 2,7which areseparatd by a
vacuum @p d thezzcomponent of the heat flueoynting vectortan be expressed as a
function of the vacuunkresnel coefficients and mean energy of a Planck oscilbetigr

[69,87]
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where the first term in the brackets is the propagating componerg vatium ¢ <k;)
and the second is purely evanescent in vacugme ;). To solve the above term for
either polarization of light the appropriate Fresnel equatjoibetween mediunh and]

should be used. The expression will also apply for uniaxial anisotropi@areedong as
the reflection coefficients are replaced with their anisotropic counterparts, and the
appropriate wave vectarcomponent for ordinary or extraordinary wavésr reference

the Fresnel coefficients for a uniaxial mediwith vertical opticalaxisare given by

_ kiz - ka
e (260
__ 2k
tjTE = ke Koy (2.61)
kiz/elt - ka/ ﬁ’
by = (2.62)
)T kiz/eit + ka/ ﬁ'
tij pep 2kiz/@lt (2.63

kiz/elt + ka/ ﬁ'
where g, is the transverse dielectric function in th layer, see Eq(2.32) for the

dielectric tenspof a uniaxial anisotropic mediat small gap spacings the magnitude of
the TM contribution @ the heat flux will become much larger than the TE wave

contribution so that it may be neglected at very small gap spacings
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Figure 2.7 Two seminfinite media labeled 0 and 2 separated lwaeuum gap by a distanced

the components of the wavevector in vacuum are shown. The media are held at tempg

andT, respectively.

2.4.4 Energy Streamlines in NeaField Radiation

Energy streamlines are a convenient method for visualizing energy prapagati
inside of a media. In the fdield, theenergy streamlines (ESLs) can be calculated from
the electromagnetic field calculated based on the TW®|. The electric field or
magnetic field in each layer of a 1D multilayer structure is expressed in tdérans o

forward and backward propagating comporantescribed previously

E(2)= Aéknz(Z- Z,1) +B gl 2 7,)

. . (2.64)
or  H(2)= Adelz2) ypethdz )

wherel is the index of théth layer andk; is thez-component of the wavevector in thk
layer andA, and B, are the amplitudes of the forward and backward propagatingsva
The ESLs are calculated from the electric and magnetic field of a solution of the

Maxwel |l 6s equations found wusing the TMM.

34



can be calculated by determining the components of the Poynting veckoand z

direcion using the following equatiorjg8].

(2.65)

<Sx> al 54 ezk,lx. gkx i

2W@ ¢

- Ko pedl § (AB*@"JX)
we (; e-

(2.66)

the ESLs are formed by tracing the streamlines with slope or propagation angle

:@, f =rcta é< S‘> (2.67)

(S,) Es)
respectively. The ESLs are then generated by tracing curves in the direction of the slope,
similar to ESLdn fluid mechanics.

In near field heat transfer the Poynting vector in an arbitrary multilayer structure

can be found using E@2.58)and the energy streamlines can be determined (2o&7)
In most caseghe fields can be expressed in the Aedd as in Egs.(2.65) and (2.66)
since the solutions of the electromagnetic field can still be treated as forward and
backward waves. However, in an emitting | a
function equation leading to an additional field tehat is not due to multiple reflections
that needs to be considered in the calculabithe energy streamlines in a source layer
[75]. Note that Eq(2.67)is general and will apply for an anisotropic or isotropic media
once the Poynting vector is knowMore details about the calculation of energy
streamlines in isotropic media in the néiatd can be found in Ref$74i 76]. The ESLs
for a uniaxial anisotropic MDPC are the topic of chapter 7 where the calculation will be

discussed in more detail.
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CHAPTER 3

SPECTROSCOPIC TECHNIQUES

Chapter 3describes hie basiccharacterizatiorequipment used toneasure the
transmittance and reflectanoé the films in orderto determine td optical constantsf

HfO, and TaOs films on Si substratgsresentedn bothchapters 4 an8, respectively

3.1Fourier Transform Infrared Spectrometry

The NIR/MIR transmission and reflectance of each sample were measitined
an ABB FTLA 2000 FTIR from 5000000 cm® (wavelengths from 1 to 2@m). The
FTIR chamber was purged Witnitrogen gas to minimize the absorption by carbon
dioxide and water vapor. A resolution of 4 émvas used to remove the interference
fringes in the Si substrate. A 10° incidence reflectance accessory was used along with the
FTIR to measure theearnormal reflectance. The reflectance measurements were made

for radiation incident on either the film side) or the substrate sid&d as illustrated in

V Rf Rs

HfO, or Ta, 0,

HfO, or Ta,0¢

T T

Figure 3.1 Measurement setup for transmittandg, (film reflectance R), and substra
reflectance ) of the films using FTIR. Note that the transmittance is shown near norma

actually measured normal to the film while reflectance is taken at near normal incidence.
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Fig. 3.1 The equations for the case of a thin film on thick substrate are presented here for
conveniene. The transmittance and reflectarfoe a thin film on a thick substrate can be

expressed as follow88]:

T=—li£L% (3.1)
1-rs kit

re & 2t
=r, +——324 1> 3.2
Rf a 1_ fs /6 |21‘ ( )

2
&=rs+lQ§L% (33)
1- rs i it
where the subscript f or s in the reflectaitsignifies the filmside or substratside

incidence. In Egs(3.1) i (3.3, ¢; is the internal transmissivity of the substrate,
t,and 4 are the transmittance and reflectance at thdilair interface when the
substrate is seninfinite, r,is the reflectance for incidence from the substrate at the

interface between the substratie interface assuming that the substrate is-alosorbing

and seminfinite, and ¢4 and ¢ are the transmittance and reflectance at theubstrate

interface when both media are sanfinite [78,88,89] Most of the fittingin the
subsequent chapters based on theransmittance only anthe reflectance model is
compared with the reflectance data to confirma fitting results. The reasdor using
transmittance only is because the reflectance measurements are subject to a larger relative
uncertainty of around 5%.

A gold mrror was used as the referenfoe the reflectivity measurementt)e
reflectivity of the mirror can be obtained from the handbook valy@8] with an
assumption that the reflectivity remains the same beyondmlOThe procedures of
measurement and data reduction can be found from previous sf{adi€2] The
estimated measurement uncertainties are 0.01 in transmittance and 0.02 in reflactance

based orRef.[93].
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A higher resolution of 1 chiwas also uskto measure the transmittance of a bare
Si substrate cut from the same batc43 mm thick wafers. The interference effects are
revealed by the oscillations in the spectrum, which allow the determination of the
substrate thickness using the optical tants of Si tabulated in the handbd®K]. Note
that the Si substrate is lightly bordioped with an electric resistivity close to Mcm
with a crystalline orientation (100). The transmittance was used to determine the
substrate thicknesds;, based orthe equatiorDn = (2nsids) * [78], whereDn is the free
spectral range (i.e., spacing between adjacent interference maxima)s;aisd the
refractive index of Si. This results d3; = 432+5mm, which is needed for the calculation
of radiative propertiesf the film-substrate composites. The calculated transmittance and
reflectance of the Si substrate based on the incoherent fofn@llagrees well with the
lower-resolution (4 crit) measurements from the FTIR, except in the region from-1000
1400 cm®, whee absorption of interstitial oxygen becomes important. To account for the
interstitial oxygen absorption in the Si wafer, the extinction coefficient is increased
(without changing the refractive index) until the calculated transmittance spectrum
matchestie FTIR measurements. This procedure is adopted from the previous work by
Basu et al[91]. Note that the 750mm thick wafers were manufactured by the same
Czochralskigrowth processand by the same manufacturer (Virginia Semiconductso)
that the same optical constants determined from themt8@%afers may also be applied
to these wafers with good agreement.

Figure 32(a) shows the measured and calculated transmittance of a bare Si
substrate from 500 to 10000 chhwith a detailed view of spectra from 500 to 2000 tm
in Fig. 32(b). The cutoff in transmittance near 10000 tia due to bandgap absorption
[78]. Absorption due to lattice vibrations and impurities lies in the region from 500 and
1500 cm® as shown on Fig. 3(B), where the calculation usingtical constants from

Palik [90] over predictghe transmittance around 1100 ¢nBy modifying the extingon
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coefficient ¥ from 1000 to 1400 ch, good agreement is achieved between the
measured and kaulated transmittance. Figure23alsodemonstrates the accuracy of the
FTIR measurements, which correlate well to the calculated values. It should be abted th
the effet¢ of 2-4 nm thick native oxide5iO,, on the surfaces of the wafleas a negligible
effect on the transmittance and reflectaridas statement remains true even in chapters

4 and 5, where some of the samples studied are annealed, becauseetrand
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Figure 3.2Comparison of measured drcalculated transmittances for a bare Si substre

thicknessds; = 432mm: (a) from 500 to 10000 cth (b) zoomed irregion from 500 to 2000 cit
showing lattice and impurity absorption.
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temperatures are low enough for the increase in oxide thickness to remain negligible.
The transmittance was measured in theirfl|ared range using a Bruker 113v
FTIR spectrometer with a beam divergence of 8.3° (half cone angle) and a resufl@tion
cm' . The interference effect in the Si substrate is inevitable in the measurtRl far
spectrum. To reduce the interference effebg transmittance of each sample was
normalized to that of a bare Si substrafg)( For the FIR setup the whole sgst must
be vacuum sealed and evacuated to eliminaigor absorption. The sample holder
contains a rotatable wheel that allows multiple samples to be measured in succession
without having to rgpump the systentour of the sampleseredeposited on 432+6m
t hick Si substrates -em (mbasurad by détsng she iIFIRI t vy
transmittance spectrumandthe remaining twavere deposited on 750+28m thick Si
substrate with a resistivity betweed0 andl 0 0-crgas specified by the manufacturer.
The resistance of thehinner Si substrate was determined by fitting the vikelbwn
Drude model forborondoped Si to the transmittance of the Si in thelR spectrum

according toFu and Zhang94] and references therein. The doping level was thus

estimatedto be 6.67 16* cm® The transmittance spectrum of Si calculated from the
incoherent formula based on the Drude model was used to deduce the transmittance data
of the samples in the fdR region from the relative measurements. The Drude model is
also used to calculathe radiative properties of the filsubstrate composite in the fiit

region ( > 20nm) in the lineshape analysis. The effect of the Drude term is negligible

at wavelengths shorter than . It is shown by comparison with the transmittance of a
bareSi substrate that the optical constants from [R€,95] are suitable for modeling the

near and midIR radiative properties with the thicker substrate, whose resistivity does

not need to be precisely determined.
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3.2Ellipsometry

Ellipsometry is a refletance measurement of a ray with known polarization, and
differs from a normal reflectancaeasuremerit that it measures not only the amplitude
of the reflected light from a structure, but the change polarization upon reflection as well.
The fundamentatéquation okllipsometry is [47,48]:

r=r stan( ¥P (3.4)
rS

wherer, andrg are the complex reflection coefficients fopolarization (TM wave) and

spolarization (TE wave), respectively. For this work we are only concerned with films on
an opaque substrate of @ily. The coefficients in E((3.4) can be found from Edq2.13)
for each of the polarizations respectively. From the ellispometry measurement, the

guantities Y and D are typically obtained and then used to determine the optical

constants as well as the film tkiess. Note that the first variablan(Y) contains

information about the relative amplitude and the tedfh contains phase information.
Because phase information is retained in ellipsometry measurements it helps eliminates
potential redundancy when determinitige optical constants of a film. The following
guantities are usually introduced, by definition, to facilitate the fitting of ellipsometry
data:

N=cos2Y, S=sin2 Ysin ,andC=sin2 Ycos | (3.5

The magnitude of/ N?+S? +C 1 implies that the quantitie, S, andC scale similar

to the transmittarzand reflectance. In an ideal case for whibi? +S2 +C2 &, only
two quantities are necessary in the fitting.

A simple schematic of an ellipsometry system is shown in Big§. A J.A.
Woollam M2000 spectroellipsometer (SE) was used to study the optical properties at

wavelengths from 370 to 1000 nm at four incidence angles (60°, 65°, 70°, and@¥°).
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M2000 is more complicatedhan the basic setup iRig. 3.3 because it hasome
additional components such agotating compensator added into the beam, pettich
allow moreaccurate measurement of the ellipsometry paramdtiensever, he basic
operating principle is still the same, the polarizer before the defeaited the analyzer)

is rotated to determine the polarization of the reflected light. The additiotating
compensator component allows the handedness of the reflected light to be deduced as
well, which cannot be determine in the traditional seflipe M2000 also uses a CCD
array detector and can do a broad range of wavelesgthdtaneously; it is cable of
being configured to measure from 190 nm torin?. Once obtained he experimentally
obtained parametery¥ (andD) were then fit with the software package CompleteEASE
associated with the Woollam SE. The SE data can also provide the thicknessavalue

the surface roughness information as discussed ioltbe/ing chapters

Sample

Figure 3.3 Schematic of a basic ellipsometry which consists of a light source, a linear |
that gives the incident light a knowrolprization and a rotating polarizer (analyzer) wit

detector that measures the elliptical shape of the polarization of reflected light.
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CHAPTER 4
DIELECTRIC FUNCTION OF MAGNETRON SPUTTERED HFO,

THIN FILMS

This chaptedescribes an investigation of HfOptical properties from the VIS to
FIR with a focus o the NIR and MIR region, where phonon absorption is insignificant,
for applications as a neabsorbing optical coating. Hf®ilms were deposited on double
side polished Si substrates using DC magnetron sputtering and the films were
characterized with Xay diffractometry (XRD) and atomic force microscopy (AFM). A
Fouriertransform infrared (FTIR) spectrometer measured the-m&amal transmittance
and reflectance for incidence on both the film side and the substrate side from Amto 20
wavelengths. By aoparison of the experimental results with those calculated from a
Lorentz oscillator model, the thicknesses and oscillator parameters in the Lorentz model
were obtained. The optical constants from 370 to 1000 nm wavelengths were obtained
from spectroellipsmetry (SE) and fitted to a Cauchy formula. Furthermore, the ratio of
the FIR transmittance with film and without film was measured with another FTIR at
frequencies from 20 to 650 ¢hto reveal phonon vibration bands. A hafnia dielectric
function, which combines the Cauchy formula and the muitgkllator model, is

proposed for use in the wavelength region from 370 nm to aboutrb00

4.1Film Characterization
HfO, films of different thicknesses were prepared on silicon (Si) substrates using
DC magnetron sputtering. A 100 mm diameter Si wafer, polished on both sides, was
diced with a diamond stylus to square pieces with approximately 18 mm x 18 mm. The
wafer 6s t hi cikatetys480um. Prioratp mserioniinto the processing

chamber, which had a base pressure less thén 103 Pa, the Si wafers were cleaned in
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solvent. They were then cleaned by'Aon bombardment for removal of adsorbed
hydrocarbons and the native oxide layer € dim thickness. After cleaning, a 2.5 cm
diameter, 99.9% pure Hf target was sputtered in a@Abackground. Input power was
held at a constant 30 W with an Ar flow rate of 22 sccm anfio@ rate of 2.5 sccm and
total pressure of 1.3 Pa. All process gases used in the deposition @@&99% pure.
The substrates were maintained at 300 °C dudligposition A picture of the deposition
chamber, located at ti#@r Forceresearch lab in Dayton, OH, is includedFig. 4.1 The
substrate is on a rotagnstage at the bottom of thigure. Underneath the stage (not

shown) is a tungsten filament thia¢at the sample up to the desired temperature, the

Figure 4.1 Picture of inside of deposition chamber. The sample substrate sits on a rotat

that is heatefrom the backside with a tungsten filament.
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sample temperature is measured with a radiom&terensure constant substrate
temperature during the depositiohhe sputtering gun and target can be seen in the
image as well.

In order to determine csyal structure and phase,-ray diffraction (XRD)
measurements of annealed and unannealed samples were performed using Rilgaku D
diffractometer in a Brag@rentano configuration. Due to the small thickness of the films,
grazing incidence XRD was also aseired at an inclination angle of 8°, using a
PANal ytical X 61P>erayt diffrRceterA(XRDh with Cu Kradiation
(0.154 nm). Surface topography was measwrgdg a Veeco Dimension 3100 AFM in
tapping mode over aj2m 3 2 um scan area. The AFldrobe was an uncoateetype Si
probe of 10 nm in radius.

Throughout this chaptethe analyzed films are labeled HAF01, HAF02, HAFO3,
and HAFO4a, in the order of decreasing deposition time. Films HAF03 and HAFO4a had

the same deposition time, with theffdience between the two being HAFO04a was

Table 4.1Sample deposition conditions and characteristic parameters obtained from di
methods. HAFO04a is annealed in air after the deposition for 1 hr atC30@hile the rest are as
deposited. HereA and B are parameters in the Cauchy dispersion obtained from fitting
ellipsometry measurements. The average value& &rdB are 1.956+0.009 and 0.0172+0.00

mm?, respectively.

Sample label HAFO1 HAF02 HAF03 HAFO4a
Deposition time (min) 554 375 188 188
Postprocessing No No No Annealed
Roughnesss (AFM) (nm) 7.2 6.4 4.8 4.8
Thicknessd (FTIR) (nm) 516 354 184 197
Thicknessd (Ellipsometry) (nm) 498 347 168 176
Roughnesss (Ellipsometry) (hm) 15.5 11.8 9.6 9.5
Dispersion constanf 1.963 1.959 1.955 1.948

Dispersion constanB (/7m?) 0.0153 0.0189 0.0162 0.0183
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annealed in air at 801 for 1 hr, and HAFO3 and the other samples remained in the as
deposited state for all characterizations. Some characteristic parameters of the prepared
films are listed in Tabld.1 togethe with the processing parameters, which are described
in detail in subsequent sections. As can be seen from fdhléhe deposition rate is
approximately 1.0 nm/min for all samples. The nominal Hfidcknesses are 500 nm,
350 nm, and 180 nm for HAFO01, AF¥02, and HAFO03, respectively, although the
tabulated thickness exhibits some dependence on the method used for measurement.
The grazing angle XRD profiles are stacked in F@ for the three thinner
samples. The intensity peaks are matched using thdgyaiffraction file for monoclinic
HfO, from the International Centre for Diffraction Data (ICDD PDF:n%9021)[96]
to identify various crystalline orientations. The broad intensity peaks suggest a

polycrystalline monoclinic hafnium oxide in all tlerefilms. There is no detectible
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Figure 4.2 XRD patterns for samples of different thickness with the polycrystalli

monoclinic phase of Hf@dentified.
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difference in the crystallinity of the annealed and unannealed films with comparable
thicknesse$HAF04a and HAF03). From Fig. 4.there is a slight change in the preferred
crystallite orientation as the sample thicknesgaases. All flms were nanocrystalline
and the average grain size was estimated to be around 12 nm based on the Scherrer
formula [37] using the Rigaku XRD data because the grazing angle XRD causes
additional broadening.

AFM scans with 512 512 array bdata were performed in two locations on each
sample and the difference was negligible. The average value of theneaasquare
(RMS) roughness is listed in Table 4.%or all samples. Film HAFO1 was thicker and
had a relatively larger RMS roughnesaritthat of film HAFO4a. For a bare Si substrate,

the RMS roughness measured by the AFM gives a value less than 2 nm. Typical surface

(@)HAF01, =72 nm |

o8 ¥ (um) 15

o5

Y {pum)

Figure 4.3AFM images of two HfQ films deposited on Si substrates: (a) HAFO1;
HAFO4a.
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images are showm Fig. 43 for HAFO1 and HAFO4a films. Overall, the films are very
smooth with an RMS roughness e75'1mbased on the AFM measurements. It should be
noted that films with slightly different thicknesses would appear in different colors.
Observation of the color uniformity with naked eyes suggests that the film thickness is

very uniform on each sample.

4.2 Optical Measurements of Thin Films

The spectrometric results in the NIR/MIR region are presented in432¢,
followed by a detailed analysis in Se€2.2. The SE results and dispersion in the
VIS/NIR region are described in Sec28. The FIRdata are pesented in Sec. 24 with
the multipleoscillator model, which also incorporate the dispersion in the VIS/NIR

region.

42.1NIR/MIR Results

The radiative propertie§ (R;, andRy) in the NIR/MIR are plotted in Fig. 4. The
spectra of the annealed HB4a film are very similar to those of HAF03 film, and are
therefore not shown. The reflectance is measured for incidence from either the film side
or the substrate side. In order to clearly display the effect of absorption, the spectrum is
divided accordig to the wavenumber regions from 500 to 1500 ém(left) and from
1500 to 8500 cnt (right). The large noise in the reflectance spectraa6500 cm’ is
due to a low signaio-noise ratio. The purge with nitrogen gas did not completely remove
the water vapor and GGbrption in the sample compartment, causing some artifacts
around 1500, 2350, and 3800 ¢1j¥8,91] There are two transmittance maxima and one
minimum for HAFO1 film; one maximum and one minimum for HAF02 film; and one
maximum for HAFO3 film. It can be iefred that the zero frequency is a transmittance
minimum or reflectance maximum if absorption did not occur. In theatsorbing

region, the reflectance should be independent of which side the radiation is incident from.
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The disagreement betwedt and Rs is mainly caused by measurement uncertainty,
especially for HAFO02 film for whichRs is obviously too high. When the transmittance
and reflectance are added, the results are close to 100% wiBtnd2viation. However,

an additional absorption feature &aps in thel and R spectra between 2800 and 3700
cm'?, but not in theRs spectrum. This can be explained by moisture adsorbed in the
hafnia film due to GH stretching vibration§30,47]

At longer wavelengths absorption bands in Si can be distinguishiey
comparison Wwh Fig. 32(b). Although HfQ possesses lattice vibration bands between
500 and 800 ci [30,35] their effect on the radiative properties is largely screened by
the substrate absorption. Note that measurements close to the cutoff ¢seqQli&®0
cm ! are also subject to large uncertainties. In general, the absorption irirtdf€ases
toward longer wavelengths. This is evident since the transmittance of the samples is
lower and decreases quicker (toward smaller wavenumbers) than tlatbafe Si
substrate. Furthermore, the transmittance &t850 cm® is lower for thicker samples.
Moreover, the absorption by Hf@Ims gives rise to an increas&d Interestingly, if the
absorptance of film and substrate is calculated accordimytd i TTi Rrandas=11
Ti Ry, thenas> a when n < 650 cm'. The larger absorptance for substrsite
incidence than for filrside incidence has been also reported before for absorbing films

such as superconducting thin fil§®s].

4.2.2. Single-oscilator Model

Interference effects in the Si substrate do not appear in the spectra ofiFiyed
to the relatively low resolution. The RMS roughness measured from AFM suggests that
the surfaces (Tabld.1) can be treated as perfectly smooth in the MIR/ region.
Therefore, the hafnia film can be modeled as coherent while the substrate can be assumed
as incoherent without considering interference effects. The model for thin film(s) on a

thick substrate can be applied to predict the spectral transmeittand reflectance
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[78,89,91] giving T, R andR as functions of the optical constants and thicknesses of

the film(s) and substrate. Detailed expressions and digwitan be found from Zhang
[78] and was discussed previously in chapter 3

In the region where @orption in both the film and substrate is negligible,
corresponding to wavenumbers greater than 2000' ¢m the present study, the
interference fringes in the transmittance spectrum provide quantitative information of
both film thicknessd) and refractive indexn{) for known refractive index of substrate
(ns). Note that the refractive index of Si chasidgiy merely 1% from 2000 to 8000 ¢m
Since the refractive index of Hf@s less than that of Si, the film acts as an antireflective

coating [78,89] Assumingn does not change, then the fringe spacing (free spectral
range) Dn:(2nd)'l can be used to estimate theoguct of n and d, if there exist

sufficient number of fringes. Thus a thicker film is preferred and this method is not
suitable for very thin films. On the other hand, the envelope md8&jdcan be used
based on the maxima or minima T It can be show that without absorption, the
maxima inT can be expressed as

_ 4n’ng
_”4+”2(r152i “1) S

T max , forn g (4.1)

while the minima il only depend only on the refractive index of Si given by

o _ 2ng
min >

ngi +1

, forn < (4.2

If the refractive index of the film is greater than that of the substrate (£#&jsand(4.2)
gives the transmittance minima and maxima, respectiy@8]. Eq. (4.1) has two

reasonable solutions with < ng. For 0.690<T,,,, <0.69. it can be shown that

should be about 1.9 with 10% relative variation. Considering the measurement
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uncertainty, the envelope methodchogive a rough estimate of the refractive index and

thus the film thickness.

When 7<1000 cm?, absorption by Hf@ film increases toward longer
wavelengths due to absorption by IR phonons. One can use the known optical constants
and thickness of Si to extrantand the extinction coefficientk, of the film at each
measured wavenumber. Multiple solutions exist but a careful selection can be made to
obtain reasonable values of the optical constants of Hfihg the sample HAFO1 with
the thickest film. However, theptical constants obtained from such péigtpoint
solution fluctuate due to measurement uncertainty and noise, as well as other artifacts
such as the residual GQas, water vapor in the sample compartment and water adsorbed
on the film surface. Nevertteds, the guidance gained from the envelope method
approximation and poiry-point solution helps to understand the behavior of the optical
properties of Hf@for more accurate modeling described below.

Due to the lowfrequency cutoff of the FTIR at abo®®0 cm?, the exact phonon
vibration frequencies cannot be determined. However, a lumped oscillator model is
developed for the prediction of the optical constants. In the IR region, the dielectric

function of an insulator is often described by the Lorentz asoilimode[78,99}

e( p= iet ek qnp— (4.3)
ng- A4 ¢

where g, describes the higfrequency contributionsy, is the plasma frequency, is

the resonance frequency, agdis the damping coefficient, all of them are in terms of

wavenumber. It should be noted that the dielectric fition is related to the complex

refractive index bye:ﬁ2 £n ik)z, where the refractive indexn)( and extinction

coefficient k) are called optical constants although they are frequency interdependent.
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A regression analysis is performed to match the predicted aasuneel radiative
properties T, R, andRs). The standard error of estimateHF defined below is used as

the figure of merit in the estimation of the parameters described i@ BJ.

2
SEE= \/a (ycalj 'NYmea,) (4.)
i

~

where the subscripts 0§ me daottheaeadured datalanu the e f er
calculated values from the formulation for a coherent film on an incoherent substrate,
using the dielectric function model given in E4.3) The simplex algorithnj100] is

employed to find the best fit parameters in E£g3) that minimizeSEEfor a given set of
experimental data. In the present study, the transmittance and reflectance (for incidence
from both sides) spectra of HAFO1 film are used in the range from 510 to 808(ttven

data points below 510 ¢rhand above 8000 crhare removed due to low sigrA@-noise

ratio) to determine the parameters in the shuglellator model as well as the film

thickness. The results areg, =3.58, ;=398 cm?, n, =1049 cm?,  and

g=147 cmil. Note that the oscillator parametdoes not actually correspond to a

vibrational band and additional oscillators are needed to capture the actual phonon
spectra, which will be discussed in Sek2.4. After the oscillator parameters are
determined based on HAFO1 film spectra fitting, $hreplex algorithm is applied to other
films to find their thicknesses and results are listed in TaldleThe assumption is that

the optical constants are independent of the film thickness, which was verified through
ellipsometry and FIR studies to be aissed later. The resultif§EEin the radiative
properties is generally less than 0.01, except for HAFO4a films witBvalue of

0.015. It is estimated that the (relative) uncertainty % % thickness and refractive

npnand .

index, and 106 in &, @& o
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To illustrate the fitting agreement with experiments, the measured transmittance
and film-side reflectance for HAFO1 and HAFO3 films are pldtie Fig. 4.5 where the

wavenumber is shown in log scale. The error bars are for 0.0lamd 0.02 inR. It
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06 - ]
\ o
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Figure 4.5Comparison of the measured and calculated transmittance arsidineflectance

(a) HAFO1 and (b) HAFO3 samples. Experimental data has an uncertainty of 0.01 in trans

and 0.02 in reflectance. For the singkxillatormodel, the dielectric function is calculated fi
the fourparameter model witle, =3.58, 1y =398 cml, A =1049 crﬁl, and g=147 cml.

The parameters for the mutiscillator model are showm iTable 3.2, using the thickness

determined from FTIR.
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should benoted that the results for a multipbscillator model, to be elaborated in Sec.
4.2.4, are also lptted for comparison. In Fig. 4.5he singleoscillator model refers to the
dielectricfunction calculated from Ed4.3)with the fitting parameters andm thickness
obtained solely based on the radiative properties of HAFOL1 film in this region. The
agreement is very good except in the region where Si absorption is strong and in the
region where absorption by moisture becomes significant.

As mentioned pviously, in the region from 2800 ¢hio 3700 cnif, there is an
absorption feature that is not due to Kt rather the moisture or-B bonds present in
the film voids and on the film surface. This absorption feature results in a dip in the
transmittane as well as filrside reflectance, especially for HAFO1 film. To model
moisture inside the film, the Bruggeman effective medium approximation (EMA) can be
used by assuming a certain volume fraction of each ma{dfigl01] which can be

expressed as fallvs:

A . L B (45)
et2 e pe2 e

fa

wheref and eare the volume fraction and the dielectric function, respectively, for each
material, the subscripts A and B refers to component A and B (here, A is feraHf(B

is for H,O, and the subscript i eeffective hdneogeoeoless t h e
medium. The optical properties of liquid water can be obtained from R6&103] An

additional regression analysis was performed with fixed film thickness as well as the
dielectric functionsof Hfa nd wat er ; h oopteal mmstantstate baseld on mod s

&g Ccalculated from Eq(4.5). By adjustingfa and noting thafg = 17 fa, a better

agreement can be obtained that matches well for the radiative properties inRHhe O
absorption region (graphs are not shown). It is found ffheanges from 0.94 to 0.96,
suggesting that the film may contain approximately 5% of moisture. Similar amount were
found for TaOs films in a previous studjg7] and the GH absorption has been discussed

in detail in Ref[30].

55



4.3.3 Spectroellipsometry Results

Spectroscopi@llipsometry (SE) data in Fig. 4\Were fit using the ellipsometry
equation from chapter 2. Ahort wavelengths, such as in the SE spet between 370
and 1000 nm, theurface roughnessay affect the measuremerithe typical metbd

used in analysis of SE data is to assume an ultrathin layer that consists of a homogeneous
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Figure 4.6Spectroellipsometry data and fitting results: (a) measured SE parameters ar

results for HAF02 film at 75A incidenc
determired withthebest fit parameters listed in Tallld. The dispersion based on averaganc

B values is also plotted. Error bars indicate the standard deviations from the mean.
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medium made of air and the film material. The EMA given in @) can be used to
model the optical constants of this layer [38,47,49]. Usually, the voluawidn is
assumed to be 50% and the refractive index of air can be assumeadp=bé. The
thickness of this layer is called roughnessvhich is different from the RMS roughness.
Hence, in the formulation of the reflection coefficient for incident on the film side, one
needs to consider two layers of thin films with a roughness parameaed a film
thicknessds. Fortunately in this ggon, the Si substrate is opaque and can be treated as a
semtinfinite medium. The standard matrix formulation for multilayered thin films can be
applied to calculate the reflection coefficients for each polarization [35,47]. An attempt to
include SiQ thin layer in the analysis of the SE data were made but did not result in
improved agreement, suggesting that the effect native oxide layer is negligibly small.

The fourlayer model (air, roughness, film, and substrate) is used in the
CompleteEASE softwaraccompanied with the SE. The software uses a figure of merit
according to the mean square error based oisgimre tesfl04,105] It is an unbiased
estimator that gives data points with larger standard deviation lower weight. In order to
obtain reliablditting, the SE measurements were taken at four incidence angles with 60°,
65°, 70°, and 75°. The typical fitting result for quantitiésand D is illustrated in Fig.
4.6(a). The obtained parametehksand B, roughness, and thickness for all samles
listed in Table4.1. Figure 4.@) plots the refractive index as a function of wavelength in
the VIS/NIR region. The average valuesfofindB from all four samples are computed
and the resulting dispersias also shown in Fig. 4B). It can be seen that thin
experimental uncertainty, the optical constants are the same for all four samples. The
agreement in these values gives a reliable dispersion at short wavelength. When the
refractive index is calculated &t= 1 /mm using Eq(4.3) using the fitting parameters in
NIR/MIR, it givesn = 1.89, which is 4% less than the value of 1.97 obtained from SE.

As shown in Tabled.l, the agreement in film thickness from FTIR and SE is

3.6% for HAFO1 film, 2.0% for HAFO2ilm, and increases to around 10% for HAF03
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and HAFO4a films. The thinnest flms may result in a relatively large uncertainty in both

methods. Furthermore, ifs( + d; ) is taken as the film thickness from SE, then the

agreement with FTIR thickness will beoand 1% for HAFO1 and HAFO02 films, and
better than 6% for the two thinnest samples. The good agreement between two
independent method suggest that either one can be used with confidence. The high
refractive index and low absorption in the VIS/NIR regiolong with the small grain
size, suggest that the quality of the Hfim is high.

Interestingly, the roughness obtained from SE also increases with the film
thickness, similar to the trend shown with AFM measurements. Howeves, Ve
from SE is &out two times that from AFM for all samples. Koh et[406] studied the
correlation of the RMS roughness from AFM and the roughness from SE and found a
factor of about 1.5 for amorphous semiconductors. On the other hand, the SE roughness
obtained by Fnake et al.[47] is 34 times that from AFM for T#s films. It can be
inferred that the roughness values obtained from this study are reliable and consistent

with the method used.

4.2.4 Far-infrared Spectroscopyand Multiple -oscillator Model

The ratio oftransmittance of the sample to that of the Si substrate measured with
the vacuum spectrometer is fil in Fig. 4.7a) from 20 to 650 cil. Several lattice
absorption bands show up and the transmittance decreases as the film thickness increases.
Again, the transmittance is almost the same for HAF03 and HAFO4a films, suggesting
that annealing has essentially no effect on the phonon modes. Interference effects inside
Si substrate aneoticeablebelow 100 crit as well as above 550 ¢frwhere absorption is
we&k. The wavenumber corresponding to the minima of transmittance agree with the
phonon absorption spectra of Hfd previous studief30,35] The transmittance minima
are located at 260, 340, 405, 510, and 600'cBome weak phonon modes may exist

betweer380and 400 cnit but is not considered in the modeling. Another oscillator may
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calculated from the fouyparameter model witl®, =3.58, 1y =398 cm~, W, =1049 cml, anc

g=147 cml. The parameters for the mudtscillator model are shown in Table2, using th

thicknesses determined from FTIR.
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be assigned on the shoulder near &90' in order to fit the FIR spectrum. Hence six
oscillators are needed to fit the FIR spectrum, in addition to affregliency constant

In order to develop a broadband dielectric function model to cover from the
visible all the way to the FIR spectral region, the Cauchy formula is incorporated to the

multiple Lorentz oscillator model with

2
n .
jp-mAg
where the first two terms are calc@dtfrom the Cauchy formula after omitting the

fourth-power term, which makes negligible contribution. Therefére; 1.956 is fixed

according to the average of the fitted values from the ellipsometry data, and

C=05B =6.73 10'% crfi (since nis in cni’). Note thatn;, g;, and ; are the

resonance frequency, plasma frequency, and damping coefficient gththEhonon

oscillator. The simplex algorithm is used to minimize 8teEfor HAFO1 film in the

region from 20 to 650 ci based on the transmittanceizameasured with the FIR
spectrometer.

Table 4.2 lists the fitted phonon oscillator parameters and the resonance
frequencies are close to the transmittance minimum. JBE with the best fitting
parameters is 0.013, which is comparable to the measurameettainty in the FIR
spectrometer. The fitted results are coregawith the measured in Figs. b} for
HAFO01 and4.7(c) for HAFO4a using the thickness obtained from NIR/MIR spectrometer.
The calculated transmittance ratio from the sirageillator malel is also plotted for
comparison. It can be seen that the simplified model cannot capture the phonon
frequencies but does give a broad absorption band that is slightly shifted toward large
wavenumbers. It is expected that the parameters in the musipiéator model have a

smaller uncertainty that those for the singl@ameter model, because the fit directly
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against the phonon resonances. The uncertainties are therefore estimated to be about 2%
in 3 and 5% inv,; andg

Furthermore, as shown in Fig. 4#e multipleoscillator model can be used to
predict the radiative properties in the NIR/MIR regions as well. Due to the fixed value of
A from the ellipsometry and fixed thickness from FTIR, #ggeement of experiments
with the multipleoscillator model is not as good as that with the shoglallator model.
A better agreement can be obtained by reducing the film thickness by 4%. Another
feature is that the multiplescillator model seems tover predictthe transmittance
between 650 and 800 emthis is probably due to limited spectral region of the FIR data.
Because of the incorporation of the Cauchy dispersion in the Lorentz oscillator model
and the negligible contributions of the oscillators in the VIS/NIR spectrum (46
gives the refactive index from 370 to 1000 nm essentially the same aHQ@) In the
region up to/ = 1500 nm, this dispersion is still valid. Therefdlee expression given in
Eq. (4.6), with parameters specified in Table, gives a broadband dielectric functio

model of HIQf i | ms f o4O 3500 nm O

Table 4.2 Farinfrared phonon pameters obtained by fitting the Lorentz model with thelRar
absorption spectrum of HAFO1 using= 516 nm. The fitting parameters obtained from

Cauchy formula areA = 1.956 andC =6.73 310 10 cnf (based orB = 0.0172/m).

hoton W M 9
cm?)  (em?b (cm?)
187.3 247.1 215.9
254.9 3731 45.1
336.9 6833 624
402.9 5378 56.6
506.0 371.1 54.1

5948 118.4 26.2

o O~ W DN P
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4.3 Dielectric Function and Optical Constants

The real part &) and imaginary partdi) of the dielectric function are plotted in
Figs. 4.8@) and (b), respectively, using the singkeillator and multipleoscillator
models described previously. The FIR phonon contributions are shown as five peaks in
ei in addition to the rapid change of the slope near 200.¢Fhis is because of the large
damping coefficient for this phonon. As expected, the single oscillatmlel gives a
broad absorption band as evidenced by the broad peak @entered around 400 ¢hm
with a large damping coefficient, which corresponds to the width of the peak[®0].

Note thatej is somewhat smaller with the multipdescillator model tan with the single
oscillator model between 600 and 800 tnwhich may be the reason for tlwer
prediction of the transmittance by the multiptscillator model. Beyond 1200 éhn
absorption becomes very weak agidis very similar between the two mode¢xcept the
different constant and the additional dispersion resulting from the second term in the
multiple-oscillator model.

The optical constants are calculateohfrEq.(4.6) and plottel in Fig. 4.9for the
wavenumber range from 20 to 26000 &nie,, over three orders of magnitude. It can b
seen along with the Fig. 48 that the dielectric constant in the low frequency region
approaches 14, which is somewhat smaller than the measured valu2®aP2 MHz
[25,107] The reason for this disagreent needs further investigation. In the NIR/VIS
region,n is near 2 and increase slightly with in agreement with Fig. 4(6) which is

plotted in terms of wavelength.
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CHAPTER 5
DIELECTRIC FUNCTION OF MAGNETRON SPUTTERED TA,Os

THIN FILMS

In this chapter the dielectric functions of amorphous and nanocrystallin®sla
films are determined,at wavenumbers from 10 to 20,000 ¢mby analyzing
ellipsometric measurements in the visible and 4Raregions and by fitting the
transmittance and reflectance measured with Fotraesform infrared (FTIR)
spectrometers from the nedo farIR regiors. Thin TaOs films are deposited on Si
substrates using reactive magnetron sputtering. The phase and structure of the as
deposited and annealed samples are also characterized. The location and strength of
individual phonon bands are determined in the-raitt farinfrared regions. The effect
of cracking in the annealed films is considered using a vekoatering model. The
effects of free carriers and adsorbed water moisture in the amorphous films are also

considered in the development of the dieledtritction model.

5.1 Film Characterization

A magnetron sputteng system describeidh chapter 4and in Ref[95] was used
to deposit thin T#0s films on Si substratesThe deposition conditions were the same
with the exception of the substrate temperatudeich was100 °C Detailed parameters
of the six samples used for the present study are listed in Babl&wo of them were
left asdeposited and the rest were annealed in air at 800 °C for one hour. The deposition
parameters such as gas flow rates suustrate temperature were chosen according to the

literature[108i 113] in order to obtain higlguality T&Os films. It should be noted that
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Table5 . 1

that it was unannealed (or-dse posi t ed)

Sample identification and

(1D)

fi ao

pail
and i ndicates
one hourThe unannealed F@s samples Ta€lu and TaGu are amorphous. The annealed fi

samples are nanocrystalline,0g. The RMS roughness of the film is obtained from AFM.

Substrate;, RMS Film thickness | Film thickness
Sample ID| thickness| roughness (Ellipsometry (FTIR)

(mm) | (nm) (nm) (nm)
TaO-1u 432 4.1 1588 1589
TaO-2u 432 2.6 492 506
TaO-3a 432 14.5 1017 1035
TaO-4a 432 204 462 478
TaO-5a 750 3.6 347 353
TaO-6a 750 3.3 174 179

the farIR measurements were not performed for the last two samples listed in Table 5.1,
which had the thickeriSubstratesThe same XRD and AFM described in the previous
chapter weralso used to characterize the fistnucture.

A test film was annealed at various temperatures in air. Annealing in air at 800 °C
for one hour yielded welllefined XRD patterns; tihefore, all the annealed samples were
treated under the same annealing condition. Fi§ureshows the XRD profile for TaO
3a that matches well with the orthorhomiiphase (JCPDS: 28922), although some
closely spaced peaks appear to be merged due daddming[39,114,115] The
prominent peak in the (001) plane suggests anisotropic crystalline orientation due to the
stress effect. Similar results were obtained for other annealed samples, but are not shown.
It should be noted that there exists a hexabotphase of Tg0s (JCPDS: 191299) that
has a diffraction pattern nearly overlapping that of #hghase TzOs [39,40] Both of

these crystal phases are reported to occur in the literature at annealing temperatures close
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Figure 5.1 Xray diffraction profile of an annealed (&, sample TaEBa also shown are the |

files for &¢Ta,0s and b-Ta,Os. Other annealed samplsisow nearly identical XRD profile®ote

that the aglepositedsamples do not show any peaks in their XRD profiles, which are the

not shown here.

to that used in the present styd§,39,40,114,115]Hence, it is possible that both phases
exist in the annealed films. The identification of thephase is confirmed by the
broadness of the peaks and the existence of several minor peaks in the XRD pattern.
Therefore, it is presumed thite annealed samples are primarily orthorhongphase.

The XRD peak associated with (001) plane in Bid.is used to estimate the crystalline

si ze, which i s about 40 n[ilf]. Hercetberadnealed t o

films are identified agontaining nanocrystalline 7@s. Note that the peaks afy2 29°
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and 37° are broadened due to the merging of multiple diffraction orders. The unannealed
or asdeposited samples are amorphous as there are no distinct peaks in the XRD profiles,
which are ot shown hereTo verify the composition of the fabricated films;rXy
photoelectron spectroscopy (XPS) was performed for an annealed and an unannealed
sample after all the spectroscopic measurements. The samples were heated to 200 °C in
ultrahigh vacuunto remove surface water. The analysis of the XPS of the Ta 4f peak
reveals close to stoichiometric & in both the annealed and unannealed samples.

The AFM topography of two samples is shown in Fa. The unannealed

sample TaGRu, shown in Fig5.2(8), does not contain any cracks. The presence of

50

1
Y (um) 00 X (um)

Figure 5.2AFM topographie®f (a) sampléfaO-2u and (bsampleTaO-3a
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cracks can clearly be seen in FaR(b) for the annealed sample T8Q. As can be seen

from the AFM images and Tabkl, the cracks have increased the tm@ansquare

(RMS) roughness that significantgxceeds the actual local surface roughness. Similar
cracks in annealed 7@s films have been reported by other researcp$ The crack
development is mainly due to the considerable mismatch between the thermal expansion
coefficients ofTa,0s (4.68x10 °K'Y) and theSi substrate1(10x10 ®K'Y). The mismatch

was reported in the literature as the main contributor to both stress and refractive index
variation for the TgOs films [117]. The compressive stress develops as the sample is
heated to the annéad temperature, while the tensile stress develops during the sample
cooling. For the twdhinnestfilms, samples Taa and Ta@ba, the stress may not be
significant enough and hence the RMS roughness is on the same order of that of the
amorphous films.

In addition, images of the surfaces were taken with an Olympus LEXT 3D
Material Confocal Microscope over a larger surface area of 43x43 w0 microscope
images are displayed in Fi§.3. Figure5.3(a) shows the unannealed sample, -PaQ
which has a mut smoother surface and no cracking. Figo€b) shows the surface of
an annealed sample Te8a. The scaly appearance is due to cracking that occurs during
annealing. Crossectional images of two films were also taken using scanning electron
microscopy $EM) at an inclined angle of approximately 45° to study their
microstructure, as shown in Fi§4. The unannealed sample 40, shown in Fig.
5.4(a), does not display significant cracking or roughness. It can be seen 4.
that theannealedsampe TaO4a contains cracks that penetrate through the film. These
cracks contribute to volumetric scattering and optical losses in the sample and need to be
included in the modeling of the radiative properties that willliseusseadn the following

section
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Figure 5.3Confocal microscope images$ (a) sampleraO-2uand (b) sample TaBa
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Figure 5.4SEM cross sectioimagesof (a) samplelraO-1u and (bsampleTaO-4a.
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5.2 Film Analysis

5.2.1Dielectric Function Model

The optical constants of the 2 films are determined by the lirghape analysis

using the description of the dielectric function given7s3

2
Ny,

e(p=A> € %@ e (5.1)
j

-4 g
Usually, the first term on the rigttand side of Eg. (1) is taken as a constant to reflect

high-frequency contributions. In the present stuey, is calculated from the refractive

index following the Cauchy dispersion:

n(/)=J e A 7'37 (52)

where / is the wavelength in vacuum and constafiteand B can beobtained from
ellipsometry dat495]. Note that band gap absorption is not considered since the band
gaps of TaOs are greater than 4 eM1,48] This treatmenallows Eq.(5.1) to represent
the dielectric function frony =500 nir all the way to the falR. The seond term is a
Drude freeelectron term, which is included only for the unannealed samples due to the

residual broadband absorption. The Drude term contains two adjustable parameters,
namely, the plasma frequeney, , and scattering rate,. The third term in B. (5.1)is

the sum ol Lorentz oscillators, which correspond to the phonon absorption bands in the
far-IR region.Each individual oscillatoj has a center frequenay, a plasma frequency

¥pj, and a damping coefficient 3. Due to the practical limitaths caused by the
uncertainty in the datahé¢ oscillators in the model may not correspond to all of the
infrared-active phonon modes present in the matemsbpecially if modes are very cl®

in frequency or very wealStronger and broadr phononband may masksomeweaker

phononmodes. Thephononmodes can be predicted b initio simulation according to
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the crystdine structurefor similar material§118]; however,not all of the modes may
manifest in experimental measuremejd8). In addition defe¢ modes may arise from
impurities present in th8lms [47,48] Note that mpurity modes are not distinguished
from the actual phonon moded TaOs in the experimentallydetermired dielectric
function Thus,the oscillatorobtained by fitting the IR sp&a should be considered as
effective phonon modes and represtre overalllattice vibration contributionsThe
dielectric function modetoes however provide an accurate description ofogtecal
properties of thematerial in a broad spectral regiondacaptures well the behavior of
major phonon resonances.

The unannealed samples also have absorption band around the wavenumber of
3400 cm?, which is characteristic of moisture absorptjdf]. In order to account for the
existence of moisture in the umeealed samples, the Bruggeman effective medium
approximation (EMA) described inEq. (4.5) in the previous chapteris used to

determine the effective dielectric function of the filay , assuming that a small amount

of water is randomly dispersed TraOs [47,119] The dielectric function of material A in

Eq. (4.5) is of course that of T@®s rather than Hf@ The valueof ¢4 is taken as the

dielectric function of the moist F@s film, and is used to calculate the radiative

properties of the filrsubstrate amposite.

5.2.1 Scattering Model

For the annealed samples with cracks, the transmittance and thsiddm
reflectance of the FTIR data exhibit some attenuation towards thdRheard of the
spectra. Attempts were initially made to include a surfacehoess term according to
the scalar scattering theof¥8,93]. The predicted results also showed an attenuation in
the substratside reflectance that contradicts with the experimental observation. In
addition, when the ellipsometry data were analyzed, uatowy for roughness did not

improve the fitting. Therefore, the cracking effect cannot be well described by surface
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scattering. A careful examination of E€3.1)i (3.3)reveals that, is the only term that
appears inf andR; but notRs. A volumetric €atteringmodel is considered in the final
analysis to better model the observed trends duerdoking of the thick annealed
samplesi.e., TaO-3a and T®-4a. It is assumed that scattering results in a reduction only
in the transmissionthrough the film,and the attenuation is wavelength dependent
according to

4
3 (5.3)

1i= 4 /4

g

Here,S is a fitting parameter that is related to the scattering «sestonal area and the
defect density, assuming independent scattering by small particles that follow Rayleigh

scatteing [93,120] When ¢, in Egs.(3.1)and(3.2) are substituted byj from Eq.(5.3),

both the transmittance and reflectance of the film side of the sample are reduced, while
the substratside reflectance given in E¢3.3) is unaffected. This gives a reasblea
interpretation of the experimental results to be discussed in the next séctioould be
noted that volume scattering may also arise due to relatively large grains in the film.
Hence, & may be considered as an effective lump sum of the volumeesogt
contribution.

The predicted radiative properties are fitted to the measured FTIR transmittance
spectra usinga simplex optimization algorithm that minimizes the standard error of

estimate (SEE])100,121] It is assumed that, is the same as the awge value obtained

for either the unannealed or annealed samples from the ellipsometry data according to Eq.
(5.2). The film thickness is related to the interference fringes and determined by fitting
the FTIR data in the neato mid-IR region. The obtard thickness is then used to fit the
parameters in Eq¢5.1)and(5.3)using farIR transmittance.

The transmittance data agree well in the overlapping region between the purged

FTIR and the vacuum fdR spectrometer results. The reflectance measureetite
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far-IR spectrometer is more reliable and allows the identification of some offset in the
mid-IR measurements in some samples. The measured reflectance spectra are used to
check the reasonableness of the model predictions. the classical Loreltatoosnbdel

discussed in the next section.

5.3 Dielectric Function and Optical Constants

5.3.1Ellipsometric Results

The optical constantat wavelengths from 500 to 1000 raredetermined from
the ellipsometrydata Each sample was fit individually to btain theparameteré\ andB
in the Cauchydispersion, Eq(5.2), and thefilm thickness.The absorption is neglected
because the interband transitions occur at photon energies greater thdA144&\48]
The resultingA and B values change little fromample to sample; therefore, only the
averages of alA andB valuesfor the two unannealed samples and those for the annealed
samples are reported heFar the unannealed samples the averagedB are2.06 and
0.025¢ m respectivelyFor the annealed samples the average salfia andB are 2.10
and 0.?réspgectigelpAll of the uncertainties irA andB are less than 0.02 and
0.001 pnf, respectively.Table 5.1 showsthe thickness obtained from fitting the
ellipsometry data with the Cauchy model. The agreement between the ellipsometry data
and the model is very goodor the unannealed samples as well as for the thinnest
annealed samples. Thweerage mean squared error (MSE) fortthe annealed samples
TaO-3a aml TaO4a with cracks is about five times larger than the rest. However, the
coefficientsA andB are all very close. The resulting refractive indicesief 2.16 and
2.20 for unannealed and annealedGsdilms, respectively, agree with the typical values

reported in the literaturat / = 500nm [6,43/ 45,47]
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5.3.2 Comparison of the Measured and CalculatedRadiative Properties

While ¢, in Eg. (5.1) can be fitted using the FTIR data, for consistency, it is

taken instead from the Cauchy dispersion from Eg2) based on ellipsometry
measurements. The film thickness is also fitted using-reea midIR transmittances,
which are sensitive to the film thickness due to the interference effect. Despite the
existence of cracking, the film thicknesses obtain@unfithe ellipsometry are quite
consistent with those from the FTIR measurements as shown in Fabl€he farlR
transmittance is used to fit the phonon oscillator parameters and the results are listed in
Table5.2. For theunannealedamplesthe transmtancemeasured by FTIR isompared

to the best fit curves as showm Fig. 5.5. The agreement is generally satisfactory
throughout the concerned spectral region. The digharar-IR transmissiorshown in

Fig. 5.5(a)are due to interaction of light withhonon vibration modeis TaOs. Each of

these dips is represented by an oscillator in the dielectric model. Some of the dips may
also be caused by the Si substrate especially around 610vamere there is a dip due to

Si absorptionDue to the uncertainty of the data very weak phonon features are difficult
to resolve.

The Drude term results in broad absorption and the plasma frequency and

scattering rate are found to b , =6490 cmtand 9 =6.5 31¢ cm * from the fitting.

This extreme broadness can be attributed to the fact that the samples are amorphous and
thus have a very large electron scattering rate. Based on the Drude parameters, the
resistivity of the sample can be estimated tdl8q L ¢ m, wohld be kypical of a

lightly doped material. The existence of free electrons in the unannealed samples is
presumably due to a slight oxygen deficiency or-stdichiometry during the growth
process, although other possibilities also ekidt14,46] According to Kulisch et al.

[122], suboxides of Ta can contribute to a broadband absorption around 90@hbinh

is evident from Fig. &(a). However, the XPS analysis does not show any apparent
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Figure 5.5Transmittance of samples TdM and TaCu: (a) farIR regon from 10 to 100
cm'; (b) midIR region from 1000 to 10,000 ¢hn

suboxides of Ta in both the annealed and unannealed samples, suggesting that the oxygen
deficiency is insignifican{see Appendix A for details)

The presence ahoisture in the film is apparent from the dip in the transmittance
around 3400 cit. It is found using the EMA analysis from E@t.5) that a volume

fraction of water of 5% works best to model the moisture contribution to the dielectric
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function. The addion of water matches the dip well at 3400 &nbut is not broad
enough to match the valley in transmittance. Therefore, another weak oscillator is added
around 3000 cnt to the dielectric function mode] € 6 in Table5.2). This results in
satisfactory greement between the model prediction and the transmittance in tHR mid
region as shown in Fig.5(b).

The thicker film sample, TaQu, exhibits more interference fringes than the
thinner film sample, TaQu. The free spectral range or wavenumberva between the

interference maxima can be approximated1dy2nd), whered is the film thickness.

Due to absorption around 3000 cirthe transmission of the thicker sample drops quite a
bit in this region. It should be noted that the minimum transmittance can be estimated
from the refractive indices of the film and substrate if absorption is negli@b]e The
introduction of theDrude term is necessary to predict the broadband absorption, allowing

the prediction to match the data at the transmittance minima at 4700, 6250, and 7800

Table5.2 Parameters for the Lorentz oscillators. Note that the parameters that deteymiom

the ellipsometric measurements éhe= 2.06,B = 0.025 pri for amorphoug a,0s; A=2.10,B =
0.024pm? for nanocrystallinél a,0s).

Amorphous Nancarystalline
i V’a’ ¥pj 9 4 ¥pj q
(ecmy  (emh  (cm? (cmh  (emh  (emh

1 266 1040 188 91 260 74

2 500 573 112 214 844 61

3 609 634 88 324 391 73

4 672 408 43 530 1019 142
5 868 277 113 842 372 114
6 3020 373 652
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cm !, Note that the drop in transmittance close to 10000 srcaused by the absorption
of the subsate associated with the indirect band gap of Si near 1.1 eV.
The transmittance for two of the annealed samples is shown ib.6iglhere is
no need to include the Drude term in the dielectric function model, since the samples

were annealed in air: ¢hreaction with oxygen during the annealing process apparently
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Figure 5.6Transmittance of samples T&82 and TaG%a: (a) fafIR region from 10 to 1000 cf;
(b) mid-IR region from 1000 to 10,000 ¢fn
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has improved the stoichiometry. The annealing has removed the absorbed moisture as
well. After annealing, the low frequency phonon mode at 268 shifts to the lower
frequencies at 214 c¢rhand becomes narrow due to a reduction in the damping
coefficient as shown in Tablg2. This absorption band becomes much nagrcand
deeper as shown in Fi§.6(a). Another phonon mode is needed to modekthall dip
around 90 crit. From Fig.5.6(b), it is evident that there exists a gradual reduction in the
transmittance from 3000 to 10,000 ¢rand this reduction is attributed to light scattering
due to cracks or grain boundaries inside of the films. Tdatesing factorS for
samples Ta€Ba and Ta®!a is determined to be 5.3 and 5.1 nm, respectively.

Only the two thicker samples require the addition of volume scattering into the
modeling, since cracking was not as significant in the two thinner samydeshown in
Fig. 5.7, the transmittance calculated for F&@ and Ta@ba using the dielectric function

model determined for the two thicker annealed samples agrees well with the measured
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Figure 5.7 Transmittance of samples Ta®and Taba. Note thathe scale is zoomed from £

to 1500 cri' to show features in the f4R region more clearly.
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spectra without introducing any volume scattering. TheRameasuements were not
performed on samples Ta&xa and Ta@ba. Strong absorption in the Si substrate near
1100 cm' can be clearly seen in Fig.7.

Figure5.8 compares the measured and calculated reflectance feBT & both
film-side incidence and subdeside incidence. There is a gradual attenuatioR:ias

shown in Fig.5.8(a), but not inRs as shown in Fig. 8(b). The substratde reflectance
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Figure 5.8 Reflectance of sample Fa8&: (a) filmside; (b) substratside. Note that the filrside
reflectance decreases towarkoger wavelengths due to scattering, while the substidé

reflectancas unaffected.
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does not show any decrease toward short wavelengths and this is not typical with surface
roughness or absgation. The volumetric scattering model captures the phenomenon
reasonably well, especially considering the simplicity in the model and its assumption of
a spherical geometry and Rayleitipe independent scattering. The model may break
down in the short waelength end of the spectrum, resulting in large disagreemént in
andRs as shown in Figs$.6(b) ands.8.

It is worth noting that additional reflectance data was also collectedobutsed
in the fitting. Sincethe reflectance data in the miid regionis less reliable than the
transmittance data, including them in the fitting would increase the uncertainty. The
largest SEBetweenthe model andhe experimental data for the transmittance of all the
samples was 0.023 and the average was 0.014. Tharemebetween the reflectance

data andhemodel prediction is good with an average SEE of 0.024.

5.3.3Comparison with Available Constants

The dielectric function obtained for the amorphousGEdilms is plotted in Fig
5.9 in comparison with that obtaiddrom Franke et g47]. The results are shown from
10 to 1500 crit since there is little variation beyond 1500 ¢nalthough there are some
features due to moisture and the oscillator near 3000. dvote that the resulting
dielectric function is the effective dielectric function expressed in(€8§). However, in
the spectral region shown in the plots, the effect of 5% water content is negligible, i.e.,

& © . Toward large wavenumbers, the real part approashaad the imaginary part

becomes very small. The residual is largely due to the freelectron contribution. fie
phonon features can be clearly seen from the peaks in the imaginafy&aé]. The
Drude term also increases the imaginary part of the dielectric function toward the smaller
wavenumbers. The agreement in the dielectric function obtained from thisanaifrom

Ref. [47] is reasonable at wavenumbers exceeding 600.cHpwever, the phonon
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modes below 500 crhwere not resolved in Ref47], resulting in a large deviation at
smallerwavenumbers.

Figure5.10 shows the real and imaginary part of theletitric function for the
annealed samples, compared with those from [R8]. A distinction from the amorphous

TaOs is the sharp peak at the phonon resonance of 214irihe imaginary part. While
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the oscillator strength defined & = Wl . | v is similar to themode in the amorphous
P, ]

film at 266 cm’, the reduction in the damping coefficiegit gives rise to a narrow band

in ei [99]. This results in the stronger absorption observed in the trdasoe spectrum

shown in Fig. $(a). Without the Drude term, the igiaary part is negligible at

wavenumbers exceeding 1000 ¢mHence, the nanocrystalline ;&& has negligible
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absorption in the visible to about hén wavelengths. Towards small wavenumbers, the
imaginary part of the dielectric function drops quickly withdreeelectron absorption,

as shown in Fig5.10(b). The real part approaches a dielectric constant of 33 for the
annealed films and 23 for the amorphous films. These values are within the range

reported for the lowrequency (1 MHz) dielectric constarjiisl,114]
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CHAPTER 6
ANALYSIS OF A NEAR -FIELD THERMOPHOTOVOLTAIC WITH

A BACKSIDE REFLECTOR

In this chapter the fluctuation dissipation theorem is used to determine the
absorption of radiant energy insidf a TPV cell due to direemission from daungsten
emitter. The gap spacing between the cell and emitter is close enough th¢ldear
enhancement of the heat flux is significant. Once absorbed energy is known as a function
of depth into the cell, thepatial photocurrent generation inside émelefficiency of the
cell can be modeledising the minority carrier diffusion equations. Th#iciency
improvementeffects of adding a backside mirrty reduce subbandgap radiatiand

improving the surface recombination rates are investigate

6.1 Curr ent Generation and Transport

The thermal radiation enhancement caused by the tunneling of electromagnetic
waves across the vacuum gap from a hot thermal emitter can result in an enhancement of
the energy throughput beyond the black body limit, and as &snthe photon energy
exceeds the band gap energy it will be absorbed and generates diettrpairs. Note
that in solar cells the top layer of the cell is sometimes referred to as the emitter;
however, for this work we refer to the emitter specificallythe high temperature source
of thermal radiation, which is a seinifinite tungsten half space. Because of the small
penetration depth of neéield thermal radiation the majority of the radiation may be
absorbed very neaniformly throughout the deptof the cell[123]. It is thus important
to model the minority carrier recombination as realistically as possible, such as in ref.
[55]. In order to model current generation and recombination inside the cell, the cell

structure is divided intdN discretelayers as shown in Figg.1 The same number of
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layers is used for the Poynting vector and current generation calculations. Each layer is
assumed to be homogenous, isotropic, and isothermal, and the governing equations of
currenttransportare solved witm the cell using a finite difference method. For the
purposes of our calculations the entire cell is taken to be isothermal at 300 K. The
governing equation for minority carrier transport, including the recombination,

generation, and diffusion of minoritarriers, is given by

d’Dn
- /) & 6.1
77 9(z/) (6.1)

whereDn is difference between the number of minority carriers and the equilibrium level,

which is based on the temperature and doping concentration at each lo€atisrthe

diffusion coefficient baed on the carrier mohiiy; g is the local photgeneration rate of

00O

~

000

‘2

Gold Reflector

Figure 6.1 TPV schematic showing the p on n configuration of the TPV cell. The cell i
divided intoN discrete and the minority carrier diffusion model is solved with a finite diffe

method.
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minority carriers and ¢ is the minority carrier recombination rafEhe minority carrier
generation rate is the ratio of absorbed energy flux over the photon energy or thus the

photon flux per unit volume for @discrete layel is given by

a (/) :% (6.2)

where Q, | is the spectral heat flux absorbed in layénat has photon energies above

the bandgapt, is the thickness of the discrete layeand E, is the photon energy. The

minority carrier equation can be solvedal g wi t h Poi ssonds equat.
potential in the TPV cell. Bulk recombination is simplified under a relaxation
approximation using an effective relaxation timyend the surface recombination due to

defect bands is combined into an effeetrecombination velocity represented by the
following boundary condition.

dDn
D—— =S 6.3
dz surt [Déurf ( )

whereS is the surface recombination velocity. However, to simplify the calculation we
apply the depletion region approximati on
abupt junction between the p and n layers of the TPV cell. Under this approximation the

depletion region thickness is given by

o e & 4

where the built in voltage is given by

&
Vi =L 1y éNDZNA (6.5)
9 én

The new variables introduced in E¢6.4) and (6.5) are the acceptor ogentrationN, ,

donor concentrationNp, dielectric constant of the cele, and the intrinsic carrier
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concentrationn,, andq is the fundamental charge of an electron. This study utilizes the

same parameters used in {86], where the payer is doped with aoncentration of 1§

cm® and the HAayer has a doping concentration of 26m™. All of the other properties

of the Ing1¢6Gay g Sb ternary alloy are taken from Gonzal€mevas et al[124]. The
values used in refs5] are taken as the reference parsreThe bandgap of the alloy of
choice, Ing.16Gay 8:Sh, is 0.56 eV (22nmm). Some of these parameters are varied to study

their effect on the efficiency. The minority diffusion of electrons-iregion is described
by the following parameter®, =125 cnf &', 1,=9.75ns, S, =7.4310" mstand

has a width of W, =400 nir. In the nregion, hole minority diffusion is described by the

following parametersD,, =31.3 cnf &%, £, =30.8 ns, §, =0 ms *and has a width of

W, =10¢ n. Finally, the width of the depletion region W, =100 nir. The emitter

temperature reference valuelis = 2000 Kand the TPV cell is af;, =300 K.

Unde the depletion region approximation any minority carriers that reach the
depletion region will be swept away by the biltelectric field generated in this narrow
region. Thus in the depletion region, by neglecting recombination, the current density due

to absorption in the depletion region is given by
_ odo
Jap = n A9apWap d (6.6)

Since under the depletion region approximation we have neglected the electric field in the
guastneutral regions of the TPV cell the current in the n and p regions of the cell are
given by the dfusion current density

dDn
J, = gD—— 6.
;= 4 . (6.7)

The total photegeneration current density in the célle to photogeneration in the n and
p regionsis given by integrating the photon flux over all wavelengths up to the

wavelength at the bandgaatt the depletion regidmoundary
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Jp = féQ J, (z =V\6) d for p region (6.8)

J, = oo J/( z W, Wp) d for n region (6.9)

where the current density is determined from the minority carrier diffusion equations and
thus accounts for the bulk and surface recombinafibi. total photocurrent generation
is thus the sum of all tee currents

Jon=Jgp HWpn

. (6.10)

In order to determine the maximal power output of the cell the dark current density of the

cell must be taken into aagot, which for an ideal diod#he saturation current given

by

Jo = Ui L e (6.11)

oty Nad 4

where e and h refer to electron andehoiinority carriers and indicate the properties of

the p and n doped regions, respectively. Equattbhl) implicitly assumes that the

recombination velocity at the top of the cell does not affect the dark current or
specifically that the diffusion lengthL =/D¢ , is much larger than the width of the

quastneutral region of the cells>W, ,. In general the surface recombination velocity

may need to be considered in the dark saturation current calcytbB2®h Furthermore,
Laroche et al[3] discussed the effect afarrier density on the relaxation time and
showed that nedreld effects can be neglected. In order to stay consistent with Park et al.
[55], Eqg.(6.11)was used and it was confirmed that the error in the maximal power output
associated with Eq(6.11) would be less than 5% for all the gap distances when
compared to the maximal power with the exact solution for the dark current, even though
the dark current itself may change significantly remains small compared to the

generated photocurreftinder a foward bias, the cell will generate a dark current when
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it is not illuminated. Theotal currentof the cell operating under a forward biasl be

the photocurrent minus the detrimental dark current, the total curietreore
J=Jpn -Jogexp(aV/ ksT) 1 (6.12)

where it is assmed the dark current generation due to recombination in the depletion
region is negligible, and is calculated using the Shockley equation for an ideal diode
[126]. The maximal output power can then be calculated from the current voltage
characteristics afhe cell by setting the derivative of the expression for power to zero, in

the usual way resulting in an optimal power given by

) Ingn(Jph/Jo)g: 613
In(Jon/Jo) § In(Jpn/ Io) |

e
VOC el
&

The open circuit voltage is given by setting the current to zero and finding

Ve :(kBT/q)In( Jon/ b ﬂ). Finally the efficiency of the TPV deis defined as the

ratio of the generated electric power to the radiative flux at the surface of the cell

— I::'E
h= m(2=0) (6.14)

which even for neafield, must still be governed by the second law of thermodynamics
and will never exceed the Carnot efficiency whichdar case of an emitter at 2000 K

and TPV cell at 300 K is 85%. The described procedure is the same general calculation
procedure following Ref[55] and thus some of the less important details about the

calculation are left out, but can found within thefierence and those therein.

6.2 Results and Discussion

6.21 Minimizing Sub-Bandgap Radiation

Park et al[55] mentioned that a large amount of dudndgap radiation is lost in

their analysis because the cells are assumed to beirdente. Because othe large
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penetration depth of sdimndgap radiation a large portion of this radiation can be
reduced by simply adding a back side reflector. In order to realistically estimate the
enhancement in the efficiency by reducing the-lsabdgap radiation, an Alayer is

added to the backside of the lgGayg:.Sb c el | (See NnGodINdAuRef | ect
chosen because of the high reflectivity in the IR region of the spectrum which is below

the bandgap of the TPV cell. For modeling purposes, the opticalactsiof Au are

taken from Palik[90]. For an emitter at 2000 K the change in the 100% quantum
efficiency curve and the efficiency modeling carrier recombination is shown ir6 R2ig.

Because of the reduction in sbandgap wasted heat the 100% quantuficiefcy is
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Figure 6.2 Thefficiencyof a TPV cell with a tungsten emitter at 2000 K with and without

on the backside to reduce sb@ndgap radiation. The mirrandreases both the ideal and ac
efficiency of the TPVbasedon the current generation calculated from the minority difft

equation.
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higher for the cell with the reflector. For similar reasons the efficiency in the cell with
recombination is also higher, but the current cell still suffers from poor performance at
small gap distances even with the mirror. The performantaneement at 2000 K peaks
around ~15% relative to the original efficiency. The efficiency curve is fairly smooth
function of gap distance without a mirror except, at larger gap spacing where there are
interference effects. The presence of a mirror causesefficiency curve to be less
smooth due to atitional interference effects.

At lower temperatures, the characteristic wavelength of light ishéted and the
importance of a reflector becomes increasingly important in relative terms. The
temperaturalependence of the efficiency enhancement is shown in &ig8) and (b).
Figure 6.3(a) shows the absolute efficiency as a function of gap spacing for different
emitter temperatures. In general the overall efficiency is worse at lower temperatures.
The rdative efficiency improvement by adding the mirror is calculated by taking the ratio
of the difference in efficiency with and without the mirror over the efficiency without the

mirror, (5, - A/ . and is displayed in Fig. 6.3(b). In Fig. @Bit is shown that at

lower emitter temperatures, around 1250 K, the relative performance enhancement is
much higher, peak around ~35%. Furthermore, because of the mirror interference effects
are observed. The interference effect is the cause of the jaggedness of the deiyes in
6.3(b). Because of the reshifting of the characteristic frequency a mirror or filter
becomes an essential component of any high performancéieldarPV systems. Since

2000 K is on the high end for the temperature of the potential sources, rairdbfiters
specially designed for neéield are extremely important for most available temperature
sources. At extremely small gap (<10 nm) tunneling of high frequency radiation is more
significant and the mirror is not as effective; however, such ggagllspacings may not

be realistic to construct with current technology.
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Figure 6.3 A study of the efficiency improvement of the mirror at different tungsten ¢

temperatures: (a) trebsoluteefficiency with and without the mirror at various temperatuses

(b) the relative improvement in efficiency.
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The effect of the mirror on the heat flux is discussed next. Fgdrghows thez-
component Poynting vector as a function of wavelength and depth into the solar cells.
The emiter temperature is set at 1500 K and the vacuum gap spadrgi® nm The
results without the Au mirror are shown in F&4(a) and that with mirror are in Fig.
6.4(b). From this figure one can deduce the peak wavelength as well as get a general idea
of the penetration depth of netield thermal radiation. The corresponding reduction in
radiation can be seen in the dudindgap region where the penetration depth is clearly
very high in Fig.6.4(a) because the intensity does not change with depth by any
significant amount. However, for frequencies below the bandgap energy the penetration
depth is much smaller and most of the energy is absorbed in the vicinity of the surface.
Figure 6.5 shows the overall Poynting vector at the surface elf & a functionof
wavelengthfor Ty = 1500 K andd = 10 nmilt can be seen that the heat fluxesluced at
longer wavelengthehen the mirror is present. A reduction to the right of the vertical line
showing the band gap location is desired because this is wasted. éfeggpirror also
reduces some of the radiation with energy above the band gap which has a larger
penetration depth, although undesirable this does not have a significant negative effect on
the efficiency of the cell. Given the geometry of the cell andsthall penetration depth
of nearfield radiation there are not many down sides to including a mirror directly
attached to the backside of the cell, which can also be used as an electrical contact. Since
the base of the cell is longer than the diffusiomgtenwhich is ~9 um, the large surface
recombination velocity associated with an Ohmic contact does not seem to be an issue to
the overall efficiency of the cell. For small cells it may be desirable to consider the
analysis with a back side field. Similaesults can be achieved with filters, but the

addition of a mirror is a much simplsolution.
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Figure 6.4 Contour plot showing the Poynting vector as a function of depth for °
wavelengths with a 1500 K emitter and a gapcépg of 10 nm: (a) without a backside refle

and (b) with a backside reflector, showing the reduction in Poynting vector beyond the ba
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Figure 6.5 Poynting vector at the TPV surface at varying wavelength. Beyond the band

reduction in thd?oynting vector can be seen.

6.2.2Minimizing Recombination Effects.

Because of the ultramall penetration depth of neleld radiation the
recombination effect near the surfaceeidremely important. By reducing the effective
recombination velocity at the top surface and recombination with the cell, the efficiency
of the cell will approach the quantum efficiency limit. The trend shown by Park[&5hl.
was that the efficiency Widecrease toward smaller gap spacing. This trend is primarily

due to surface recombination effects since the penetration depth of evanescent waves is

characteristically a’p°]/(2<x) [123]. Thus, at a smaller gap spacing the carrier

concentration is higher at therface, because radiation with a larger and smaller

penetration depth can tunnel across the gap causing the efficiency to become dominated

by the surface recombination losses. The importance of the small penetration depth and
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recombination velocity at theurface were pointed out by Park et[&b], but the effect

of reducing surface recombination was not analyzed in detail in that work. When not
considering the recombination at surface contacts, the recombination velo&ty=of
7x10" m/s used in that ark may be on the high end for some-Vlisemiconductors,
which can have notably lower surface recombination velocities than Si solar cells.

The effect of altering the recombination velocity at the top surface is shown in
Figs.6.6 (a) and (b). The calcation is based on the properties given in Section 2 at an
emitter temperature of 2000 K where (a) has and (b) does not have the mirror. It appears
from the figure that below a value &f of approximately 1,000 m/s the efficiency does
not improve much withfurther reducing surface recombination velocity, this value of
surface recombination velocity could be achieved with a passivated surface. When the
recombination velocity becomes this low, the reduction below the 100% quantum line
efficiency line is dued bulk diffusion recombination limitations. The difference between
the mirror and no mirror configuration is an efficiency offset at larger gap spacings, but
the two become the same at smaller gap spacings where the long wavelength radiation is
relativelyless significant.

Figure6.7 @) shows the carrier concentration at the surface of the cell, which is
proportional to the surface recombination rate under our model. The surface

recombination rate can be found from
Rurt = SDn(z 0) (6.15)
On the left vertical axis ohe figure is the total bulk minority carrier recombination rate

in the player given by

M
Rouk = & %ﬁ (6.16)
I=1
where M is the number of layers in the-rpgion. Note thatR,, represents the

integration of the recombination rate per unit volume over tfegmn. From Fig6.7@)
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Figure 6.6 Efficiency improvement by reducing recombination at the top surface with an
of at 2000K: (a) with a mirror and (b) without a mirror. If a low enough recombination ve
can be achieved the trend ofiei#ncy toward smaller gap spacing reverses.

i
t can be seen that for small recombination velocities bulk recombination is dominant and
remains fairly constant as the recombination velocity increases until surface
recombination takes over as the dominant mechanism. Eventually, the overall ca

concentration and bulk recombination rate drops with increasing surface recombination

velocity, because of the large carrier losses at the surface. Figr@ can be
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understood in conjunction with Fi§.7(b), which shows the ratio of E¢6.16)to Eq.
(6.15) at different surface recombination velocities with a gap spacing of 10 nm. In Fig.

6.7(b), the critical surface recombination velociy ., is shown and is defined as when

the ratio, Ry, / Ry » becomes equal to one. At lower surface recombination itielc

this ratio will be larger than one and surface recombination will not be the dominant
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source of recombination losses. Below this recombination velocity the majority of
recombination will be due to diffusion and will depend on the thickness of phiayer
and the relaxation time of minority carriers.

It is obviously desirable to prepare the surface of the TPV cell, or choose
materials, so that the effective recombination velocity is smaller than this nufber (
approximately40 m/s), such thahe performance will not be drastically altered by the
small penetration depth associated with ffedd enhanced radiation. This gives an
additional criterion that the surface preparation must meet forfieéiTPV devices
which will differ from traditonal TPV cells because of the difference in the penetration
depths associated with evanescent waves in thefieghand propagating waves in the
far-field. Furthermore, the choice of contacts and preparation of the contacts on the front
surface must behosen so that the effective average surface recombination velocity, such
as estimated in Ref[125], is smaller than this critical value. Below this value
enhancement of the cell will depend on other factors such as reducing bulk recombination
or changinghe spectral distribution of the source.

A thin window layer could potentially be used to reduce the surface
recombination velocity but the tradeoff in heat flux must be considered. Fu aftiZlFgn
considered adding a thin layer of SiC to the top surfacene of two haHspaces and
determined that there would be significant reduction of the-fiddrheat flux at small
gap spacing for a 10 nm layer. It is expected that the effect would be similar for a suitable
passivation layer, this reduction in hdlatx is similar to the reduction in flux associated
increasing the gap spacing and therefore if the layer igpadicipating a high refractive
index may be desirable.

A suitable layer would need the following characteristics: a higher bandgap
energy, superior minority carrier mobility, low defect density, and a suitably higher
conduction band potential in order to prevent minority carrier diffusion to the surface of

the cell[125]. Thelayer would ®ed to remain sufficiently thin, because a thin lay#r
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not have a less significant effect on the electric field generated by fluctuating currents in
the emitter,to not adversely affect théeat flux. There is some flexibility with

semiconductor material choicas long as lattice matchirgpndition is mé The critical

thickness can be found from the lattice mismatti+|a -a|/& , whereg is the film

(window) lattice constant ané, is the substrate (TPV cell) lattice constarte critical

thickness of a film is approximately the lattice constant of the subsiaded by twice

the mismatch,as/2f . Convenientlyfor a thicknessless than theritical thicknessthe

lattice will conform to the lattice structure to some exteme¢aning that there are a
broader number of semiconductor materials that may work as layerethates the
surface recombination velocity

The combined effect of improved surface recombination andwswielength
reflection were illustrated in Fig®6.6 @) and(b). In addition to reducing the surface
recombination we consider how altering theegon thicknessW, affects the efficiency
of the cell. Park et a[55] and Francouer et §b6] considered a thickness of 400 nm for
the top (player) region. High efficiency cells might have thinner layers than 400 nm, a
smaller top layer thickness withprove the efficiency slightly by reducing the amount of
diffusion losses in the top layer where most of the radiation is absorbed in tHeelkar
case. Theefficiency improvement with changing thickness of the top layer is shown in
Figs. 6.8 (a) andb), with and without the mirror, at an emitter temperature of 2000 K.
Under the current model decreasing the top layer thickness has resulted in more
photocurrent generation closer to the depletion region. This will lead to lower diffusion
losses, but theperformance will still suffer from the effects of the large surface
recombination rate. Additionally for the thinnefigyer the effect from surfaces on the
dark current may be more significant, it may also be more important to avoid some of the
simplifications made in this study for smalllgyers. One may also notice that for the

small player thickness of 100 nm, the efficiency trend appears different with and without
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the mirror toward smaller gap spacings. This is because the mirror enhances galarger
spacings but has no effect at smaller gap spacings where the two figures will have the

same efficiency value in the limiting case of zero gap spacing. Thus the mirror efficiency
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Figure 6.8 Efficiency improvement for varying thicknesses of theggpn with a 2000 K emitte

(a) with mirror and (b) withoumirror. Improvement is due to reduction in bulk recombinatio
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curve appears to go down because the mirror is no longer helping imgficieney

toward 1 nm gap spacing.
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CHAPTER 7
ENERGY STREAMLINES | N UNIAXIAL ANISOTROP IC

HYPERBOLIC METAMATER IALS

In the present chaptdhe flow of energy through metatleelectric photonic
crystals(MDPCs) is studied. MDPChave the potential to imaga guide evanescent
waves [67,68], and offer unique possibilities for applications in nBeld devices.
Hyperbolic modesssociated with uniaxial anisotropic materiabjch arepredicted by
EMA in MDPCs, can result in furtherenhancement of the heatuxl of nearfield
radiation. Section 7.Introdues some fundamental equations tetge nd t he Gr eerr
function methodo uniaxial ansotropic media. In section 7tBe lateral displacemewof
energyas it flows between two uniaxial anisotropic structuligsdetermine fromthe
energy streamline methodrhe Poynting vector inside the media and vacuum is
calculatedy appl ying the Greendés function met hc
Two anisotropic structuresith hyperbolic modes in the infrared regiof the spectrum
are considered. One structusgth alternating layers of doped Si and Ge and a second
structure with alternating layers of SIC and Ge are investigated. The average lateral
displacement, penetration depth, and heat transfer rate are idetkriarom the lateral
displacement and penetration depth, characteristic dimensions of the structure necessary
for the plane wave 1D serifinite media assumption to remain valid astimated
Finally, in section 7.3 some observations about the agrderbetween energy
streamlines calculated by EMA and by TMM in MDPCs made of Ag and a dielectric are

made.
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7.1Gr e e lRuacsion for an Uniaxial Anisotropic Multilayer Structure

The G eenods f unct i amaxiaf amisotroprcu dtrdctuse weithh en
arbitrary number of layers is calculated following the same proceasiréhe isotropic
multilayer structve in chapter 2with some necessarymodifications. The dielectric
function for a uniaxial anisotropic media with a vertical optical axis (inzttieection)

becomes a tensor of the form

& 0 0
9:20 € 0 (7.2)
g0 0 ¢

The transverse dielectric functio®,, is the same in thg or y directionfor a uniaxial

medium with avertical optical axis Because the dielectric function & tensor,the
electric displacement and electriclfiemay no longer be in the same direction. The
primary and reflected Ge e fuidcgons for a uniaxial anisotropic medikecome

[128,129]

_> (b ,/)/ Iego,s
Ops(0:2,2, =7 2 (7.2)
Ps 2% +kg(el,s+ E’s) '(ke,s) E:eﬁoiges(z -Zi)l;l
g GesK5 £ u
o) (b.2.7, W
gi(pl T8 * A TESE B TEJ5‘> EB TEIS) " E
ngs
e
e Blast ed {ed (73)
22 geskg £s
¢ c(ATvEeEATve BFB L, ¢ § B £
é

wherek, ¢ is the magnitudef the extraordinary wavevector in laygr g, and g, 4 are

the zcomponents ofthe wavevector for extraordinary and ordinary waves in lgyand
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Figure 7.1 A multilayer structure which is composed of layers with a uniaxial anis
dielectric tensor. A source embedded in laykrcated at the source locatian will generate a

electric field in layet at locationr .

ko is the vacuum wavevectonagnitude The symbols> and < indicate whether the

gprimary wave is traveling forward or backwards, respectively. A forward primmang

means that the receiver location is at a laggmordinate than the source locatedzgta

backward primary wave would be the reverse situafitis distinction between forward

and backward waves should be carefully noted when performing theainb@gover the

source volume when the receiver is located in the source layer, the appropriate integrand
of the primary Greends functiaenzaehoaul d be
The rest of the coefficienta Eq.(7.3) are discussed nextut first nate thatthe ordinary
componeno f t he Gr efernadusiaxidl meda twitreovertical optical axisis

calculatedusing the same procedure @& waves in an isotropic mediumgiven in



chapter 2 However, br extraordinarywaves the calculation idifferentfrom isotropic

TM waves The extraordinaryector isnow defined by
é _ Tz ?IE"' ttf;E
2 2
\/(gez,l ?,l) +( Q)e

Forthis type of medium the dispersion relations for the wavevector components are

(7.4)

&+ b =& (7.5)
2
%J’; *2 (7.6)

While the coefficiens for ordinary waves,A and By, remain unchangedrom the
isotropic TE wave amplitudes for extraordinary waves thdM case needa few
modifications The dynamical matrised in the TMMn layeri is redefined as
b; :2 ; : (7.7)
&/ € - ebti
Applying this change will give the correct magnetic fialwiplitude in each layer vem

using the TMM The magnetic field amplitudes foextraordinarywaves are found by

solving the followingequations

ert @ £ 2 0 gédalz.rd) g
éAN’TM EMsﬂ,leeM O,Sé + u-le U (7.8)
e 0 i e e 0 g
en; 2 : ¢ 0 ge O 4
éAN,TM EMS+1,N|FM 056 Ui i,y U (7.9)
e 0 g T BTv pee™ g

where M; ; is the transfer matrix between layersand j using the new dynamical

matrices in Eq(7.7). Once By 1 is solved thecoefficient in any layer can be found

from
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Finding the amplitude of the electric field fromthe magnetic field amplitudefor
extraordinary wavess also differenfrom the TM case for amsotropic mediaFor the

extraordinary waveyou mustnow multiply the primedcoefficients representing the

magnetic field amplitudedy \/(gd/ t¢)2+( /q,)é/\/( s/ gs)z e( / Z‘s)zl,which

accounts for the difference between the magnetic field and electric field amplitudes in
layers| ands, to find the amplitude of the electric fisldor use Eq. (7.3). From the

electricGr een 6 s tfhwen cmaigonne,t i ¢ Greends function c

oftheelectricGe e nds function G=P*G.he usual way, i
Finally, in the heat flux calculation the dielectric function must be treated as a
tensor in thefluctuation dissipation theory. The Poynting vector equatiorulshbe

modified as follows
kOQ o " * 5 .
S3j(W, )= 2'(0 )Reglﬁ'( Z?F‘g 1 -g|ih)dzd| (7.12

which now accounts for the fact that the dielectric function is eod@gensor and not a
constantwith the addition of the tensor indéxo the imaginary part
In the vacuum gap between twaiaxial anisotropic mediaas shown in Fig. 7.2,

the heat flux is given by Eq2.59) but the uniaxial Fresnel coefficients must be used



This equationcan be reexpressed in terms of the power trarssion coefficient x;,

after integrating over the frequency the heat flux inztdeection andis given by

in“?( Qw.Tp) - (QvTy))d m(/)nﬁa (x, W, (@13

4p? j=s.p

where thg indicakesthe power transmission coefficicior either s or p polarizatiofhe

power transmission coefficiebetween twadentical mediais given by

2

$(1- In[*)? / L+ 7o K
|
;4(Im(rj ))zeZigod/‘l- r2e” 9‘2, b

b

|
[
L (7.14)
[

Figure 7.2 Geometry for two sefimifinite uniaxial anisotropic media used to represent
multilayer structures that are seimfinite and can be representeddnyd effective medium with

dielectric tensore.
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wherer; are thereflectioncoefficientsfor p and s polarizatiofor the interface between

the uniaxial mediandthe vacuum gapusing the anisotropic Fresnel coefficients from

Egs.(2.60) (2.63) The zcomponenbf the wavevector in vacuum is representedas

and is related to the radial component of the wavevectogy ki - £. When

b >k, the waves become evanescienthe vacuum regigrand only carry energy in the

nearfield. The power transmission coefficient of £g.14) hasalreadybeen divided into
the power transmission coefficient for propagatftup) and evanesceribottom)waves

in Eq.(7.14).

7.2Energy Streamlines inNear-Field Uniaxial Materials

Consider two seminfinite multilayer structures consisting akternating layers of
Amet al 0 and nAdiel ectr i doas sheyn anrFgt 7e8waby a v
mentioned in chapter 2 that the tera® interpreted rather looselyn this case the
Ametal o | ayer wil!/| 1S br SIC, whia in éact thds enegativko p e d
refraction due to phonon modes and not free electrons. The dielectric layer is Ge. For this
section, the period of the layers is taken to be idipismall but the ratiof the layers
will remain fixed. Ultimatelyif the period ignfinitely small each slab can be represented
as a homogenous effective mediwith a uniaxial dielectric functioms shown in Fig.
7.2 The temperaturef each half space iadicated on the figure, one of the mediais
300 K and the othdrken to beat 0 K so that we are only concerned with the emission
in one direction. We can determine the optical dispersion of the effective structure for
TM (extraordinary waves) from the E@2.36) We chose the metal volume filling
fraction and materials such tithere will be hyperbolic modes in the IR region.

The real part of the effective optical constauistermined from the EMT by Eqgs.
(2.33) and (2.34) for an effective medium of-dopeddoped Si (BSi) and Ge with a

volume filling fraction ofD-Si of 50%, is shown in Fig. 74 (a). The D-Si is taken to have
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Figure 7.3 The structure under consideration consists of two infinitely repeating multilaye
of al ternat i n$iorii@envhiehlar@ not neetalt bt exhibitgaive refraction du

to a free electrodrude termand & st r ahl en band, respect.i

which is approximated with a constant dielectric function.

doping concentratiorof N =10?° cni?, and the optical constantsf n-doped Siare
calculated by the Drude modebm the work by Basu on theptical propertiesf D-Si at
room temperatur¢91]. Note that we usethoth slabs as having the room temperature
propertieseven though one of them is set to 0G€ is taken to have a constant dielectric

function in the region of interesé;, =16. In Fig. 7.4 (b) the real part of the components

of the dielectric tensor of anfettive medium ofSiC and Geare shownwith a SiC
volume filling fraction of 30%.The optical properties of SiC are the handbook values
[90]. The inset ofFig. 7.4 shows two multilayer stackene of BSi/Ge in (a) and SiC/Ge

in (b), which are representday the effective homogenized medighe two hyperbolic

modesof the effective structurare indcated in blue (I) and red (lIRecallthattype |

112



40

L TR
" \
\
\ (a)
20 - \
! 11 \ I
c ! \ e -
2 \ - -
B 0 ' —~X -
S | Z N oy
[ e
g 7
[&] 20 -
[0
o I ,/
O ’/ Ge
-40 / _ E' J.SI
’ X
71/ B _SZ b g
_60 PP (T WP ]
0 05 1 15 2 25 3 35 4
Angular Frequency, o (x 10™ rad/s)
40 I B
_ Il I
30 | Do (b)
: /o
5 20 | . |
E _ 1 ! |
e 10 | . L
3 I
1
s |
e | i .
T 10| A .
o g [ |« SiC
o0 | ) i !
g, i ! 4
30 ! l 1
1.2 1.4 1.6 1 8 2 2.2
Angular Frequency, o (x 10™ rad/s)

Figure 74 (a) Real part of the EMA dielectric function of doped Si and G w= 0.5 (b) anc
for doped SiC and Ge witt= 0.3 The inset shows a schematic of the structure of interest.

exhibits negative refractigor a bending backwds of the Poynting vectpwheres type

Il has a negatie zcomponent

of the wavevector inside of the medium. The hyperbolic

bands in the E5i are due to free electron absorption, and thus the type |l dggrehrs

fairly broadbecause of the long wavelength free electron absorption in i8e The

hyperbolic nodes of SiC are narrow by comparison, due to the fact that the hyperbolic

modes are caused laynarrow phononmodein the IR associated with the Restrahlen

band of SiJ90].
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Figure 7.5shows the power transmittanoé TM waves Xx,, as a function of

wavevetor and frequency fotwo semiinfinite D-Si/Ge (a) andtwo semiinfinite
SiC/Ge (b) effective medjaseparated by a 10 nm vacuum ghalote that the power
transmission coefficient for thigpe 1l region shown in Fig. 7.4a), is broad but is not
nearly & high at large radial wavevectors like the peaks in SiC/Ge. Also note that D
Si/Ge only has a large power transmission in the typegion around the area where the

z-component of the wavevector inside of th&DGe structure becomes zero. For smaller
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Figure 75 Power transmission efficient between(a) two semiinfinite EMA structures of dops
Si and Ge withf = 0.5 and a gap spacing ®® nm (b) betweerEMA structures of SiC and (
with f = 0.3 and a gap spacing of 10 n¢n) Spectral heat flux between two seimiinite EMA
structures of doped Si and Ge with 0.5 and a gap spacing of 10 nfd) two semiinfinite EMA
structures of & and Ge witlf = 0.3 and a gap spacing of 10 hm
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radial components of the wavevector around this location, the waves are forbidden by the
band structureand thus the power transmission coefficient is small. This seataré is
observable in Fig. 7.8b) for SiC/Ge the peaks are obviously sharper doethe
sharmess of thephonon resonanchat SiC has afl2e n [78]. Figures 7.5a) and (b)

show the corresponding heat flux across the vacuum gap calculated frdih1839.In

Fig. 7.5(a) and (c) the broadness of theSiGe and the narrow feature of SB& are
reinforced. The large peaks in SiC/Ge heat tlarrespond the two hyperbolic bands.

In order to study the lateral displacemes#veral characteristic frequenciesre
selected in the regionf interest 0.53 10"4- 3310 rad/s (37i 6 € n). The chosen
frequencie correspondo representativérequencies irthe different dispersion regimes.

For the D-Si/Ge structuréwo of the chosen frequencies ade5® 10t rad/s and13 104

rad/s and fallin the type llhyperbolicregion The third frequencyl.8? 10" rad/s, has

an gj that is neazero. The fourth frequency of chojc2.73 10 rad/s falls in the type |
hyperbolic region and thus we expect this frequency to exhibit negative refraction. The
fifth and final frequency for the {3i/Ge effective medium 2.9 104 which hasej

that is near zero. Theseequencies were chosen because they will have diffemeet
unigueenergy propagation characteristi€sgure 76 shows the heat flux evaluated as
several of these frequencies as a function of the lateral component of the wavevector
normalized by the vawm wavevector magnitudéor the D-Si/Ge structure The
normalized lateral wavevector is defined as
‘b
ko

When the critical wavevector is larger than 1 the waves in the vacuum region will be

b (7.15)

purely evanescengome of the curve@ype Il hyperbolic modg) show a sharp peak in

the curve at the critical wavevectdefined as
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b =k, (7.16)

where the lateral component of the wavevector is equal texinaordinarywavevector
magnitude. At thigritical wavevector therés a sharp decrease in the imaginary pért

the z-component of the wavevecttar some frequencieJ he critical wavevectoran be
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Figure 76 (a) Heat flux per unit frequency per unit wavevector versus the norm
wavevector at for select frequencies f@-Si/Ge multilayerf = 0.5. (b) Integration of the tot
heat flux over thavavevector space. The horizontal line shows where 50% of the heat fli

above and below the median wavevector for each frequency.
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seen clearly in Fig. 7.&) from the contour plot arouraks the narrow red strip tite type
Il region. The power transmittance factor increases sharply beceseateral

wavevector becomes large enough to satisfy the dispeisonvhenb becomes equal

to the critical valueComparison with the cumulative heat flux shows that there is only a
smallamount of energy contributed Bynaller wavevectors. The mediavevector, the
wavevector at which half of the energy is contribute by smadled half by larger
wavevectorsis indicated by the crossing of the cumulative curve with the horizontal
black 50% line.

The same diagram for the SiC/Ge effectivedinm ispresented in Fig. 7.7a)
and (b). The heat flux at seat frequencies is shown in (alie frequencies are listed in
the legend of the figure. Only three typical frequencies are chosen since SiC has a much

narrower spectral region where the heat fhiligh, as was shown in Fig. 7(8). Two of
the frequencies1.828 10 and 1.54810' rad/s fall in the type | and Il region,

respectively. The third frequencyt.5% 10 rad/s,is an elliptical mode thalies in
between the two banda a region where the spectral heat flux isialm smaller.The

sudden drop in heat flux at 1.59 [frad/s] corresponds to the lateral component of the
wavevector movingbeyond the dispersion ellipsesince there are no hyperbolic or
surface modes supported at this frequency the heat flux drop8csigtty. At smaller

lateral wavevectors the SiC/Ge structure is more optically dense than air and has some
propagating modes at this frequency that fall within the dispersion ellipse #when.

For the type Il modes there is always a forbidden band ingideechyperbola, this is

why the heat flux remains small below the critical wavevectpr,For the type modes

there is no forbidden band and the heat flux increases continuously beyond the critical

wavevector b, . The cunmulative heat flux of Fig. 7.{) is similar to the cumulative heat

flux plot for D-Si/Ge and again shows the 50% line to indicate the median wavevectors

above and below which 50% of the heat is transferféeé.most noticeable difference
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from the DSi/Ge curvess the shape of theumulatve heat flux for theelliptical mode
which still has a significant contribution frommodes that are evanescent in the vacuum
but propagating in the SiC/Ge structure becatusemore optical dense than the vacuum

region About 15% of the radiatioat this frequencyis still attributed to nofpropagating
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Figure 7.7Heat flux per unit frequency per unit wavevector versus the normalized wavewv:
four select frequenes forSiC/Ge multilayerf = 0.3 (b) Integration of the total heat flux over

wavevector space. The horizontal line shows where 50% of the heat flux falls above ar
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modes and it is more spread out ava larger range of wavevectors. This explaims
strange andudden decrease in the sty the cumulative curve for this frequency.

The penetration depth of daof the chosen frequencies for theSBGe sructure
is shown in Fig. 7.8The penetration depth is found from tkeomponent of the
wavevector, e.gextraordinary waveaccording to

1

= 7.1
204 0

a

A sharp peak in some of the curves corresponds to the sahoal cvavevector
mentioned earlier, where the imaginary part of sheomponentof the wavevector
becomes smako that the penetration depbecomes relatively large at that particular
wavevector. For large lateral wavevector components the distancenday might

travel in the medium may be very large because the slab acts as a waveguide, but since
the medium is not without losses a large lateral displacement in the medium will result in
a smaler penetrationdepth in the z-direction into the mediumln order to get
characteristicz-dimension of the E5i/Ge structure we define an average penetration

depth according to the equation

S b xod
dW,j = r(]'vu bj)«; Z (718)
R

where| is either s or p polarizatioriThe average penetration depth as a function of
wavelength is plotted in gL 7.8(b). In Fig. 7.8 (a)it is clear thathe power penetration

depthremains small for the type 1l modes below the critical wavevédior §), where

there are no supported moddhe penetration depth increases sharply at the critical

value. Itwill eventually decreasdinearly for all modes, since at largé the power
enetration depths a, = & ReS ‘e £ This penetration depth founiaxial
p pths o, =| f}/ o S x £ p p

media isdifferent from theisotropic penetration depthwhich is given byd:]/(2 b



[75]. In theory the penetration depth coulet infinite for a hyperbolic medidecause of
the opposite sign of the dielectric functions associated hyperbolic noddsjs is only

if the dielectric functions were purely rebddlowever, for real materials a small amount of
loss will result in a small peration depthfor the very largeb associated witlsmall
gap spacing For type | modes there exists no critical wavevedb@cause thenodehas

no forbidden band and the penetration depth simply decreases at

(a) " =05x10"rad/s
2 — — »=1.0x10" radis
10 I\ T T w=18x10"radls

U
\ —_— 14
/,\\ ®=27x 10" rad/s
el \‘

Normalized Penetration Depth, &/D

(2]

10" |

Normalized Penetration Depth, & /D

0 1 2 3 4
Angular Frequency, @ (x 10™ rad/s)
Figure 7.8(a) Normalized penetratiodepth of DSi/Ge multilayerf = 0.5 with a gap spacing

10 nm at select frequencies. (b) Normalized average penetration depth of Si/Ge makilays

with a gap spacing of 10 nm.
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higherb. The ENZ mode has a nearly const@enetration depth at smalley, but
decreases at larger values. Finding the mediafiom Fig. 7.6 (b), and comparing the

average penetration depihtegrated over allvavevectorswith the penetration depgh
from Fig. 7.8 (a) at this wavevector, ongy nde that the valug arevery similarin
magnitude

The penetration depth diagrgmnesentd in Fig. 7.9is for the SiC/Ge structure.
The penetration depth curves are consistent with thoseSifG2 since for the type Il
mode(1.54x16* rad/s)is forbiddenbelow the critical wavevector, antienspikes at the
critical wavevector.The type | mode(1.82x10" rad/s) has a penetration depth that

decayp continuously Finally, for the elliptical mode (1.54x1®rad/s), there are some
propagating modeshen 1< b < p. Since the SiC/Ge is opticallglenserthan vacuum

these modes are still propagating inside of the medhuhthey are evanescent in the

vacuum However,a b beyond the critical valuéalls ouside the dispersion ellipse,

wherethere are no propagating modesd the penetration depth falls significanty

larger wavevectorsRecallthat at largeb all the curves decrease linearly as in Fi@, 7.
since g % Reeej £, %/| 4| [75]. The two hyperbolic modes have been chosen to

correspond to the peak spectral heat fluxes oh eagin. At these frequenciesiore
energy is carried by large lateral wavevectarsd the average penetration depdnops
sharply at these locationgs shownin Fig. 7.9 (b). The penetration depth istill
relatively large in parts of the hyperbolic mediumhagh as 10100° the vacuum gap
sizeof 10 nm

Observingthe energy streamlines fohdse characteristic frequencias the
median wavevectpmwe can estimatBow largethe lateral shift oenergyis. Thisis an
estimateof the other characteristic dimensioh the structure, the lateralimension,
which is important for the validity. of

Using Eq.(7.12)to find the components of the time average Poynting vector iz-the
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Figure 7.9(@) Normalized penetration depth ofC3Ge multilayerf = 0.3with a gap spacing of .
nm at select frequencie) Normalized average penetration depth d@/&e multilayerf = 0.Z
with a gap spacing of 10 nm.

direction and in the radial directioS,) ard (S;), the net heat flux in the normal and

lateral directions can be determined. The energy streamlines are evaluated by tracing the
slope from EQq(2.67) The energy streamlines are shown at several differentdneigs
for D-Si/Ge in Fig. 7.10FromFig. 7.10(a) we carobservethe streamlines ofirst three
frequencies, which are listed in the legealdng with the chosen (median) wavevedbr

the streamlineThe lateral displacement for each of these streamlines at two penetration
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depths inside of theourcemedium(bottom)are 194, 23, and 3.##nes the vacuum gap
distancefor the frequencies 1.8, 2.7 and 2.9 f1@ad/s], respectively. The last frequency

is an ENZ mode and thus has a small lateral displacement. Note that the first and second
frequerties arenot plotted all te way to two penetration depths in the figurkeetype |

mode (2.910**rad/s]) undergoes a negative refraction (the wavevector points left which

is negative), which can be seen clearly from the figuwrerder to facilitatheat transfer

from these modes thHateral dimensionsof the structure must be much larger than the

3 .
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Figure 7.10(a) and (b) energy streamlines for median normalized wavevector at differen

frequencies in E5i/Ge multilayer structure with= 0.5 at 10 nm gap spacing
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combined lateral displacement in the source layer and vacUsuomlly, the laeral
displacement will be largestside of the source layer, but this wilbt always be the
case especially for an ENZ modé&igure 7.10(b) shows the energy streamlines at two
other frequencieas indicated in the figure legentie total lateral displacement inside of
the source layer at two times the pration depth are 2B and 1604 times the vacuum
gap for the frequencies 0.5 and 1 f4@ad/s], respectively. This indicates that inside of
these medium the lateral displacements can be extremelydrge compared to the
penetration depthof Figs. 7.8 and 7.9

Similar results are shown for the energy atrdines of theSiC/Ge structure in
Fig. 7.11a) and (b). In (a) the energy streamlil@sye an overall lateral displacement of
321 and 99 times the vacuum gap at two penetration depthe ofdide medium for 1.54
and 1.8 [10"* rad/s], respectively. The penetration depth of the 1.54*[1d/s]
frequency is large compateo the othersso it appears to have a relatively small
curvature until the depth inside of the medium gets very lavpere it does eventually
curve significantly(not shown in the figure)The 1.8 [10* rad/s]frequency streamline
shows the negative refraction in the type | hyperbolade,as thedirection oflateral
displacement is in the opposite direction of the lateral wavevector (whieh positive
pointsright in the figure). Fig 7.1{b) shows the 1.59 [18 rad/s] energy streamline. The
overall lateral displacement at two penetration depths inside of the medium is 4001 times
the vacuum gap spacing. However, this frequency does ngtasmuch energy as the
other twq and istherefordess important.

The choice of using two penetration depths to represent the lateral displacement is
becausebeyond two penetration depths only approximately 14% of the erfergy
remainsin thez-direction Energy streamlines will begin to show a larger curvature as the
z-component of the heat flux becomes zero. For this reason we do not care about the large
lateral displacements when thieomponent of the heat flux has become negligibtee

the erergy streamlines are not carryiagmuchforward energy Should the streamlines
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Figure7.11(a) and (b) energy streamlines for median normalized wavevector at differen

frequencies in SiC/Ge multilayer structure with 0.3 at 10 nm gap spacing

becometruncated by thdinite structureof a real MDPC at a larger depthe energy
reduction would not bassignificant, (e.g. at 3 penetration depths very little enésgy
being carried in the-direction). It is the zcompament of heat flux that isnportant for
engineering applicatiathus the energgverages of the variables arxemputed with a
weight basd on this componenEor most variables of interest, thgerge and median
value areusually similar in magnitude(as observed with the penetration depth)is

thereforeexpected that the values reported for the lateral displacement inside of the

12¢



