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ABSTRACT

LIGHT MANAGEMENT IN SOLAR CELLS WITH PLANA R
STRUCTURES AND SCATTERING MEDIA

K o, Mehmet
Doctor of PhilosophyMicro and Nanotechnology
SupervisorAssist. Prof. DrSe |l - uk Yer ci

Co-SupervisorAssoc. Prof. Dr¥ z gEm g ¢ |

April 2020, 186 pages

Photovoltaics is @rime interest for not only developed but also developing countries
considering its historicaljow efficiency/cost ratio. Further development of solar
cells necessities the maximum utilization of available light, which has toie by
taking the multiphysics nature of the solar cells and the fabrication constraints to
maintain its competitive price into account. In this thesis, we explore light
management strategies to improve the overall performances of various solar cells.
First, light management expoited to eliminate the reflection, and at the same time
to increase the trapping of the nflected light within the active layer in the thin

film solar cells. Using optical simulation methods, transfer matrix method (TMM),
finite-difference timedomainapproach (FDTD), and rayacing, as well as analytical
approaches, material independent optical optimization guidelines are provided for
achieving higher optical absorption under ideal and practical conditions. Simple and
effective empirical algorithm ae developed to replace simulations. Developed
algorithms are applied to various tHilm solar cell technologies; particularly,
perovskite, organic, and CdTe solar cells. Besides, optoelectronic effects of
transparent condueg oxides in thirfilm solar cells are discussed. Using the

simultaneous optimization of optoelectronic properties of cell geometries, we develop



a roadmap for the perovskite solar cells that can increase their efficiency and at the
same time decrease tfabrication costs. Secolyd we have presented a levost rear
reflector material for silicon solar cells to eliminate the metal parasitic absorption.
Using a combination of three different optical simulations methods (TMM, Ray
Tracing, and FDTD), opticahteraction mechanismseuantized. Lastly, using a
combination of thirfilm and silicon solar cell technologies, we provide a detailed
investigation of CdZnT<&i tandem solar cells. We present theoretical limits of
CdznTeSi tandem solar cells using arobined optical and eleatal simulations
environment. We investigate the effect of the top cell absorber bandgap on the
optimum optical and electrical trends. Light management strategies provided in this
thesis can be beneficial for researchers devejpparious types of solarels, not

necessarily skilled in optics

Keywords:Light Management, AriReflection, ThiaFilm, Light Trapping, Optics,
Solar Cell, Tandem Solare@s
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Fotovoltai k tarihteki aemlrahkk ¢ak t\vee&kr ism/dmeeale
dej il gel i Kk mak tdee oylognung liklegliesriini -ekmekt
h¢crelerinin gelixktiril mesi I -1 n g¢nekt
tarafbBhdaélkmasé gerekmektedgcr rrelBe mu -y&kda
fizik vyaklakemlar énaeti-ht ifyiay-atddwmyed uf aur uvma
keséetl amal arénén bulunduBu gdbfrtitezlenda, bb
géenek hegcrelearrtiérde&kk iv-eirn mé k € kn nytiPkdke t 1 m s
olarak incef i | m g¢nek hg¢cr elyamispgmmag e |élkeerke ky °wnee t
zamanda yanséma yapmayan €éRrRé] asdama] bamak K
kul maréeéBmpti K benzatkiemamentad dli &r § 2unztaeyn& (T
sonlufarklarya k | akeméeé ( FDTD) , ve exkeéenl liazn,eelmaer aikl
optik sojurmayeée i deal ve geritak-mal kermed
baj eémséz opti k o ptiiknBastara gtkilinampirdk klgofitreatar v e r |
benzetimlerin yerini al mak ¢ zneirket | Be | igketliirkitli ri | en
perovskit, organik ve CdTeindei | m g¢newke hyguéla®meky andal
ge-irgen il et ¥en molggintelkeirdptogeekimnileakien d e k

incelenm K.tQOptoelekto ni ke l°l i k|l er i n he¢gcecroe geometr.i
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optimizasyonu yapélarak, perovskit géenek  hyg
etmek ve ¢retim maliyetini idg&tdckiKkime&i iol ar ok,
silisyum g¢nexzitdgeucrrnea ye&r i enrdgee Iplaermae ki - i n dg¢ K¢
arka y¢z&kuptymamsetxgrtac@etri k met kil exi mler ¢- far
TMM, FDTD ve ékéen takibhaes apkbaSemolarair | e ki mi K |
incef i Il m ve sili sripimmi rgleenkeikmihlculellanél arak CdZ
gpek he¢gcrelerinin deitkat@ptikeve dlaktronikibanzedrh e me s i vV e
y°ntemlerinin bir bi-83il ekamderud hizenile | mg arke ICalrZ
limitleri verilmi k.Bur t e z d eé kv eyirfiigtraejiteri \& randk hesaplamalar

far kl é g¢énecx h¢egcecrel eri czerinde -al ékan

deneyi ml erinden bajéeémseéz ol arak daha veri ml e

P sterici olacakteéer.
Anahtar Kelimeler:l k €k Y©°net i mi, Yanséma ¥nl eme, Knce
Opt k ,neXg&e Hegs i , Tandem G¢nek Heéecresi
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CHAPTER 1

INTRODUCTION

Everyseconga photon flux of 5.23k0?* photongm? reacheshe Eartifrom the Sun.

These quantized particles of light caerypormous amounts of energggarding their

massive numberdvore precisely every seconpproximately~340 W/nt of solar

radiationis estimated to be reaching the Earth. Approximately 30% of this flux
reflected without being absorbed on the surface, while ab@3b is absorbed by
greenhouse gases (e.g. carbon dioxide, methane) dispersed in the atmosphere.
Therefore, lhese gses trap the light from the Sun in the atmosphere, which in turn
resultsinheatpy up of the Earthoés cli mat e, as kn
thermodynamic phenomenon has | ong been pi
that is by keeping thaverage surface temperature at 298 K since the ratio of the
greenhouse gases aethtmosphere has been in a balance. However, atmospheric
levels of carbon dioxide have been at the highest ever recorded, which is considered

to be the result of humamelaied actions. The excessnounts of greenhouse gases
affect our p | a climated s/stemse reott dnly ras resingd average
temperatures, which is referred to as global warming but also as extreme weather
events such as glacier and sea ice melting, tikession. Aftermaths of global

warming cause even propelled warming rates, wimctrn end ugoeing trapped in a

vicious circle

Fossil fuels (e.g. coal, oil, natural gag\vke been and continue to be the main source
of global energy demand. They prdgimore than 80% of global energy consumption

at the time of writing (2020). Burngnof fossil fuels results ithe release of carbon
dioxide and other carbemch gasses which adds up to other greenhouse gases in the
atmosphere which has been long conm&dethe primary reason for the increased

carbon dioxide levels in the atmosphere.



While the sun is the primary reason behind this greenhouse effect, it can also be the
main actor of the solution to being free from fossil fuéts.employ solar energy
efficiently, solar cells should be tailored to exploit the maximum of the incoming flux
The solar radiation flux can be described with the blackbody radiation of the Sun
which is propelled by high energy internal nuclear fusion reactions. The spectral

rradince of the solar flux can be described wit

o~ c" @ p Equationl
O_hY
= Q7 o}

whereF is the spectral irradiance in W30 i, c is the speed of light in vacuurh,

i's the Pl arkékhe Soltzanm €dnstanstis, the wavelength ofhe
radiation andr is the absolute surface temperature of the blackbody. The substances
at the surface and the bulk of the Sun blocks bladklradiation from the core

therefore the emission is a result of surface temperatures.

The Earth receives thislao flux density as a function of its distance from the Sun,

and he net radiative flux, which can be described as the balance of incident and

escaped photons, defingsclimate.The amount of the solar radiation incident on the

Eart hds s urti geogeaphicaa Iocaters tims iof the year, momentary

weather conditionsand time of the day. Yet a standard measurement, csiliddiass

(AM), is taken as reference illumination among the literdt(fiee Air Mass Zero

(AMO) is wused for the solar spectrum at the
Mass 1.5 Gl obal (AM1.5G) is used to describe
surface #er passing through 1.5 times a standard air mass. The &M AM1.5G

spectra are presentedhigurelal ong wi th the Pl anckds bl ackbc
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Figure 1 The solar spectral irradiance at thiep oftheEar t hés at mosphere (AM 0) and
with the B a n dl&ckbsdy modeit T = 5800 K.

With its enormous available power of 89,300 terawatts, swvlargyhas the highest
potentialto be the main source of energy@ng allthe candidates as it provide®re
than 5200 times the globdémand (I terawats as 0f2019.

1.1. Fundamentals of Solar Cells

The working principle of solar cells is based on the photovoltaic efieehich a
potential differenceés generatd as a result of photoabsorption To absorb incident

light and generate a potentiaffdrence,the presence of an el¢éon at the lower
energy level and a vacancy at the higher energy Enealequired in the absorber.
Moreover, the incident photon should have energy larger than the absolute energy
difference of vacancy and initial engrigvel ofthe eletron. The enenrgof a photon

can be presented as:

O "Q Equation2
wheres is the frequency of the photom semiconductorghe energy difference of

conduction band minimum and valence band maximum is chlédohndgap energy



(Eg). Only incident photons with energies largdran the bandgap of the
semiconductocancreate a bantb-band electron excitatioim which every electon

leaves a holévacancy)ehind. This hole is considered as a virtual positively charged
particle. To complete a full solar cell working cycle, gated electrofhole pairs
should be collected in different polar electrodes. Even though it is demodstsate

very simple process, to successfully generate photocurrent, absorption of the incident
light should be fulfilled, and excited electrons shoblkel collected before they

recombine.

Somekey parameters to evaluate the performance of the solar celiewoped,

such as external and internal quantum efficiencies. The external quantum efficiency
(EQE) is the spectral distribution of the ratio of tuenber of electrons/holes collected

to the number available incident photons. The internal quantureeffic(IQE) is the
spectral distribution of the ratio of the number of electrons/holes collected to the
number of absorbed photons. The illuminateden#voltage (V) characteristics of

a solar cell between the points of maximum voltage) and maximuncurrent(lsc)

Is used to evaluate the performamceler normal and dark operation conditiovisc

is the opertircuit voltage which is the maximum Nage across the cell when there

is no current flowandlscis the shorcircuit current which is the maximum current
through the cell when there is no voltage difference across the kelshbricircuit
currentdensity(Js¢) which equals tdsc divided by the cell area, ialsoemployed as

a performance monitor. The conversion effici
ratio of power output from the solar cell to input power from the a4 and can

be expressed as:

w "0"0C )
- = Equation3

whereFF is the fill-factor which is defined as the ratio of maximum power from the

solar cell to the multiplication dscandVoc.



Early designs of solar cells haam efficiencyof around 69# while it can be seen in
thebest researchell efficiency charof the status of different types of solar céfiat
therehas been aautstamling progress for the last 44 yeaRecently CdTecells with
22.1%, silicon cells with 27.6%, perovskite cells with 25.2%, organic cells with
17.4%, and twagunction tandem cells with 32.9% efficiencies presented, and it is

still increasing ima coninuous progressive manner.

Best Research-Cell Efficiencies ZINREL

Mltijunction Calls (2-erminal, monoithic
Lo i
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h
0 o
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Figure 2 The highest verified efficiencies for research type solar celledivousphotovoltaic technologies.

In order b define a landmark for maximum efficiency, a thermodynamic limit is
introduced which i9ased on th Carnot cycle model with idealization assumptions
such as monochromatic absorption and emission (no thermalization loss), only
radiative recombination, no carrier collection loss, and a unity absorption are
assumed.It is shown that maximurefficiencies are 67% for nenoncentrated and

86% for concentrated cell structures with these overidealized assumptions.

William B. Shockley and Hardoachim Queisser demonstrated that when the spectral
mismatch combined with radiative recombination lgsaee takennto account, the
maximal energy conversion of the singlaction solar cell is33.7 %, which is
significantly below the thermodynamic lintifThe spectral mismatch can be briefly

described with two main loss mextisms, transparency to photons below bandgap



energy and relaxation of the excess energy ajt@is above bandgap energy.
Typically, a photogenerated electron relaxes to the lowest level conductionnband
much shorter lifetimes compared to tteeombinatbon and carriecollectionrate at

the contacts in a typical semiconductdherefore, the exes energy of the incident
light generally results in thermal relaxation. If the bandgap of the semiconductor is
large the number of available photons with enesgabove the bandgap is lower
regarding the spectral distribution of solar flux, while if thendgap is narrona

higher fraction okexcess energy of the excited electri®st by thermalization
1.2. Light Management

Up to this point, an ideal absorptioneohanism is discusseahich is based on
complete utilization of the incident lighhowever most of the instances light is
underutilized Solely,high enougtenergy of the incident photons was considered as

a requirement for the absorption. Anotimaportant aspect that affects the absorption

rate isthe available states, which is the density loé bccupied states in the valence
band (electrons) and the unoccupied states in the conduction band (vacancies). The
larger the number of available electsom the valence and the vacancies in the

conduction bands, the higher the probability of the altgorp

Moreover, the absorption mechanism is intensely affected by the band structure which
can be either direct or indirect band type. When the lowest erevgl of the
conduction band of the material has the same crystal momentum with the highest
energylevel of the valence band, the electron can be excited to the conduction band if
theincident photon has enough energy. While the excitation of the elestiangly
depends on an external momanttransferin indirect bandgap matergl Thus,
regarding is lowerorder interaction mechanism, direct bandgap materials have much

higher absorptivity compared to their indirect counterparts.

To quantize absorptityi, a statistical term, the absorption coefficiet) that
corresponds to the absorption probapitif the incident photon within the medium is

defined. It is a materiadependent and wavelength dispersive parameter. The unit of



absorption coefficient pameter is per length which quantifies the rate of absorption.
The absorption coefficient is relatimtheextinction coefficientf the material by the

following formula:

¢ QL Equation4

where & is the wavelength of the incident
the material. The absorptiof, can be defined in the Bekambert formalism:

0 0 (0] Equation5

wheret is the path length of the photon in the medium.

The required thicknesses to suffice large absorption is significantly smalleravhen
direct bandgap materiegd employedas the absorber layer in solar cells. For instance,
perovskite is a direct bandgap te@al and perovskite solar cells are considered as
thin-film solar cells regarding their active layer thicknesses in the range of a few
hundred of nanometers. While, Isconsolar cells, regarding the indirect bandgap of
silicon, have thicknesses rangirfigpm tens to a few hundred micrometers to
sufficiently absorb incident photons. Since solar cells are based on the maximum
utilization of the incident photonkjgherabsarptiontypically results irhigher overall

solar cell efficiency. One way of increasing the absorption is increasing the absorption
coefficient. The absorption coefficient is dependent on the 1ginttensional physical
parameters of the mater@hdincressingthe absorption coeffient is a research field

of material sciencéNaturally, the thickness another primary parameter affecting the
absorption of the incident photon. Although absorption of the incident photons
increases with the thickness oétibsaber, this comes withosne inevitable penalties
such as increased material cost, fabrication challenges, poor extraction efficiency.
Moreover, decreasing the active layer thickness while increasing the absorption is
required for superior solar cellsight trapping can addresth issues sufficiently

with path length enhancement of the incident photons while decreasing the active layer

thickness. To exemplify, light trapping features in silicon solar cells support the



elimination of the reflection ithe font surface and preveng the escape of the light
until it becomes fully absorbed with a path length enhancement compared to a planar

silicon solar cell witithe same thickness.

Besides, optical interaction mechanisms differ with increasing théskiRe instance,

one of themost important aspects of optics is cohere@mderence can be defined as
preserving a phasgensitive interaction mechanism in the mediand coherence
length can be used to measure the degree of spatial coherence ottRétighs can
make multiplereflectionswithin a medium until they become fully extinct. The phase
relation betweemeflectingphotors and the next incident photon becomes important
if the thickness of the layer is of the order of coherence length otesntdénce,
interference meamisms can cancel out the incoming or outgoing radiation.@\fhil

the thickness of the layes much larger than the coherence length, phase interaction

mechanisms can be neglected.

Considering poor absorptivity of the inditebardgap absorbersypicaly they are

being used with thicknesses beyond the coherence length which yields weakened
interference effects. Conversely, direct bandgap absorbers are employed with
thicknesses below coherence length, therefore absorptioefteation are dominated

by interference mechanisms that can completely cancel or boost with varying the

phase relation. Investigation of direct bandgap solar cells is mainly a field -dilrfin

optics.

The reflection at an interface of two media scalgh their refractive indexifference
where the refractive index is a unitless, dispersed, mati@@ndent parameter that
describes the ratio of the velocity of the light within the medium to its velocity in the
air. Hence, reflection can be expresseith the Fresnel equations #ie normal

incidence®

Y e — Equation6



wherea-is the wavelengthn: andn, are wavelengtiliependent refractive indices of
both media. For example, in the case of the silicoimiéérface 1 e 3.95 andh, = 1

at &= 600 nm), the approximate reflection can be as high as 35% at the normal
incidence which calls for the requiremdéime light management solutions. The surface
texturing and antreflective coatings (ARC) are among ethwidely-utilized
approaches to eliminate the large reflections. The surface texdnriinction as an
ideal lighttrapping structure anthcrease the @nce of coupling of light inside the
active mediumby refracting the transmitted light with oblique ghes as well as
eliminating the reflectionOn the other hand, anteflection coatings provide a
smoother transition with homogenous or inhomogeneousngsaand decrease the

refractive index contrast at the interface.

The lightsurface interactionmechiam v ar i es with the feature
texture. When the feature size is much larger than the wavelength of the incident light

( $§ ), dpdgaionmirections of the reflected and transmitted light change due to
diffraction within the geonteical optics formalism. The change in the propagation
direction of the transmitted light yields enhanced optical paths due to oblique angles.

In the casef reflection, the redirection of the incident light allows multiple reflections

in which overall trasmission at the surface towards the substrate increases.

In the case of the similar ) zemooné @ehtt

diffraction orders happen due to a combination of interference and waveguide effects.
Suppressed reflection and increased optical path can be achieved with careful optical

engineering.

When textured features aneuch smaller than the wavelength of the incident light
( & &) , interdcton can be describeding theeffective mediumapproach since
the effective refractive index of the textured region becomes sensitivetaptiegy
while the change in the propagation direction is none or less pronougadesult,
incident lightexperiences gradual transition of refractive indicas a function of

topologywhichin turn decreases reflection and increases the absorption.



Anotherlight management applicatias the utilization of ascattemg medium. For
instance, utilization of randomly dispersed, naimed particles presents diffused
reflection and transmission where the ratio of the reflected and transmitted light can

be optically engineered to enhance overall transmission to the substrate.

Next, lighttrapping can be utilized to eliminate parasitic absorption. For instance, a
metal layer is typically utilized as the contact and they can present parasitic absorption
in the spectrum of interest which in turn decreases the overall absorption of the active
layer. Rear reflectors are widely used among the literature to eliminate parasitic
absorption within the metal layer through a phenomenon dali@dnternal reflection

(TIR) which incident light elastically baeteflectedto the incidence medium withbu
having an intensity change.

Interferencananagementan bean alternativevay of light managementRegarding
the phase relation of the incident electromagnetic wavesntaraction of multiple
waves can result in destructive or construciiverferene to some degree at the
interfaces. Hence, light management can be realized with verticalcavity design
approach which is based taming opticalpathswithin the compising layers tanduce
appropriate interferences leading to enhanced absorptiorednded reflection. e
optical path isassociated with the refractive index, the incidence arayld the
thickness othe layer.

For instance, in the simplest cassjmgle-layer, homogeneowmntireflection coating

(SLARC)can be utilized tsuppress the reflectiomhe refractive index of the SLARC

(n) should be equal to ¢ € . Reduced reflections through
destructive interferences can be attained when the thickness of SLARC fulfills the
quarterwave optical thickess (QWOT) condition which is odd multiples of the
wavelength of the lightvi t hi n t he | ayer (o/ 4n). On
interference condition is satisfied when the thickness of the layer satisfiesdvalf
optical thickness (HWOT) whicis even multiples of the wavelength within the layer
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( e/ Emp)joying a SLARC provides zero reflection for a single wavelengttthe

normal incidencand typically it has a narrow band response.

Similarly, the doubldayer antireflective coating (DLARC)can beusedif the
refractive indices satisfy the following equation to main minimum reflectancat

the normal incidence

£
£

Equation7

Thicknesses are equal to QWOT for both coatings. This design is also called V
coating, regarding the-ghape observed in the reflext spectrum. Alternatively, the

high refractive index material can be coated with an HWOT which results in slightly
higherreflection at the central wavelength, but a relatively broader low reflectance is
obtained. Yet, single and doubldayer coating aproaches suffer from poor
broadband refl ect ance pthickdessesancbepertarsed Be s i ¢
so that broaer low reflectance is achieved with a cost of 4zero reflection at the

central wavelength. The solutions are based on iterative reahapproaches where

an analytical formula has not yet been developed.

An alternative way of suppressing the reflectisrusing an inhomogenous, graded
refractive index (GRIN) layer. GRIN ARCs have varying refractive indices in the
propagation directiorof the light so that incident light experiences a smoother

transition which leads to reduced reflections.
1.3. Contributions to the Literature

This thesis aims to provide a recipe for the photovoltaic society to boost the optical
performance of three solar tedchnologies: thidilm, silicon, and tandem solar cells.

Some of these optical investigations have been published.

In thin-film solar cells, we engineer the individual layers that comprise a cell

using their refractive indices and thicknesses. Using the vertmaty design
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approach, we maximize the absorption of the incident light within the absorber layer.
Within this contextthe FTL is designed as an ARC in a perovskite solar cell with a
semtinfinite thick perovskite layer. A hypothetical layer with a constant refractive
index is assumed in place of the FTL to investigate the effects of thickness and
refractive ndex of the FTL on light trapping in a broad parameter range. Later, three
commonlyusedFTLs (PEDOT:PSS, NiQand TiQ) with distinguishing refractive
index spectra are surveyed in coherence with the hypothetical FTL case. A guide to
predict the optimunthicknesses of each layer of a perovskite solar cell is provided
with sets of seraempiiical and analytical formulations. Although the case study is
based on the utilized exemplary ITO and perovskite refractive index spectra from the
literature? the effects of the use of various ®Omaterials and perovskites with
different refractive indices are also elucidat&ext, the developed models are
validated by fabricating perovskite solar cahiscollaboration with Prof. Henk J.
Bolink at the Universy of Valenciawith various perovske thicknesses supporting
QWOT and HWOT settings at long wavelengfrigally, the guidelines are extended

for organic and CdTe solar cells to present their applicability for othefilimrsolar

cells.

In silicon solarcells, we develop an alternativewl cost, and superior rear
reflector material to improve the most widely used silicon solar cell technologies. We
develop a calculation technique to quantize optical interaction mechanisms. Finally,
we present how to imipve parasitic absorption eliminatioThe effect of the silica
aerogel as a rear reflector layer in the silicon solar cells is investigated. Aerogel is
fabricated using the spray pyrolysis method which is adost and scalable method.
Furthermore, it ipresented that the aerogel layes lsavery low refractive index
throughout the spectrum of interest which is around 1.1 and it is tunable. Regarding
its low-cost fabrication, being upscalable, and low refractive index, it is shown that
aerogel is a strgncandidate to replace availablerreaflectors. Moreover, a hybrid
simulation environment is developed to quantize the loss mechanisms within the

silicon solar cells which takes porosity, the surface roughness of the individual layers,

12



texturing, and irgrdiffusion of the evaporated metiato account. It is shown that
compare to the SiNrear reflectors with smooth surfaces, a rear reflection
improvement more than 10% can be achieved with proposed designs in the case of

screenrprinted Al metal layers andouble side textured silicon sulzts.

In tandem solar cells, we analyze optical and electrical loss mechanisms of
CdznTel/eSi tandem solar cells. Using a combination of optical and electrical
simulations, we provide a guideline to improve tandem so#dls. We present
alternative solutins to optoelectronic loss mechanisms such as alternative functional
materials and structural changes in collaboration with Dr. Giray Kartopu at the
University of Swansea. In this conteah optical optimization analysof Cd ;i ZnxTe
(denoted @1 4xT hereafter) top cells in tandem with an interdigitated back contact
(IBC) c-Si rear cell build on various practical thickness and material combinations are
carried out. To explicate the effect of the top cell bandgap, deabsbber
compositions were investigated: CdTe,slo.2T, Co.6Z0.4T, Co.aZ0.6T, Co.2ZosT, and
ZnTe. Optical loss mechanisms are examined atdtessedMoreover, alternative
functional (buffer and contact) materials are investigaiée. optimum thickngses
determined from opticainvestigationsare utilized to carry out electrical simulations.
Substantial improvemest conversion efficiencies have been shown by-tiimeng

the material parameters and types.
1.4. Organization of the Thesis

Chapter 2 summarizeébe computational and experimental methods used in
this thesis. We characterize various tfims using spectroscopic ellipsometry,
providedetailsof the fitting methodology, andetailsof the experimental setup. We
present specifiaspects of the meamment setups such as reflectibansmission
spectrometer, scanning electron microscope, and atomic force microscopy. We
discuss the fundamentals of both utilized and developed simulation methods: finite
difference timedomain (FDTD),transfer matrix metbd (TMM), and 1D drift

di ffusion & Poissonbés Equation solver.
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Chapter 3 introduces the optimization methodology we applied for the thin
film solar cells. We investigate the angiflective properties of the front functional
layers of the solar cells based strong absorbers (i.e. perovskite, organic, and CdTe)
usinga semiinfinite absorber and their lighitapping properties in their full device

configurations.

Chapter 4 presents an indusapplicable, lowcost, highperformance rear
reflector layer basd on aerogel for silicon solar cells to mitigate the pacasiti
absorption in the metal layer. We present the quantization of the loss mechanisms
using a TMM/FDTD/ray tracing hybrid simulation environment. We demonstrate a

recipe to surpass the performandéetateof-the-art SiN rear reflectors.

Chapter 5 presengsdetailed investigation of CdZnTe# tandem solar cells.
We analyze the effect of the bandgap of the top cell and we present optimum bandgap
condition for various electrical parameters. Weovide optical and electrical
optimization guidelines of CdZnTeSi tandem solar cells. We present alternative
fabrication routes and materials to reduce optical and electrical losses.

In Chapter 6, we give our concluding remarks and perspectives on future

directions.
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CHAPTER 2

COMPUTATIONAL AND EXPERIMENTAL DETAILS

2.1. Computational Details

A computercodefor optical analysis based on ttransfer matrix metho{fMM) is
developedto compute the reflecioand absorption of layelis the third chapter
Finite-difference  timedomain  (FDTD) simulations performed using
LUMERICAL ™ are used in roughness calculatiofise relativelythick glass layer

Is treated as incohere(ite. theinterferencas neglecte).

A rapid, and computationally low cdsybrid optical calculation method d&veloped
and utilized in the fourth chaptdfigure3). Since silicon substrates are of the order
of a few hundred microns, while the typical thickneseaf reflectorss around a few
hundred nanometers, the calculatafnelectomagnetic inteaction of the full stack
becomes a large matrix proble@onsidering this, optical calculations are carried out
by transferring internal transmission and reflection of each interfdmeraytracing
method is employed fathe thick silicon substrate witrand without textureBoth
FDTD andTMM are utilized for calculation of internal reflection thierear reflector

interface.
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Figure 3 Scheme ahecombined raywave optics simulation method.

TMM is employed inreflection, transmssion, and absorption simulations of the top
cellin the fifth chapterThe Lambertian scattering profile is assumed for the incident
light at the silicon interface. The rdgacing method is employed to calculate the

scattered ligt pahsuntil full attenuation.

Complex refractive index spectra of materjatdbtained either by spectroscopic
ellipsometry or adapted from the literatumee used as input theopticalsimulations.
Reflection, transmissigmand absorption results arepoted for the unpolazed light
which is calculated as the average ®f and p-polarizations considering the

unpolarized illumination of the solar flux.

The maximum achievable photocurrent (MAPC) is used in the thesis as a bench for
the evaluation ofhe optical designs leadig to the minimum loss mechanisms,
reflection, and parasitic losses, thus the highest anticipated short circuit current.

MAPC can be expressed as:

06060 en « _06 _Q_ Equatons
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where( is the photon flu of the A.M. 1.5 spectruny is the unit chargeA is the
absorption spectrum of the absorber layer. Hence, MAPC indicates the photogenerated
electrons are collected without any recombination losses. The unity charge collection
efficiency approximation isemployed forall of the optical simulation environments,
TMM, FDTD, and raytracing.

SCAPSI1D is used for optoelectrical investigation of the CZT solar cells which is
comprised of a glass/ITO/CdS/CZT/ITO structure. The rear traespaomuctive

oxide layer is treated as a metal with high transparency. Transmission spectra of both
TCOs are computed in optical simulations using TMM and imported to the SCAPS
1D. In addition to that, the generation profiles of the absorbers areatattwiih

TMM. The solarcell simulation parameters utilized in SCARB are obtained from

the literaturé” 12 and manifested ifable 1. Thefour-terminal design (4T) is chosen
asthe struatire types for the tatlem solar cellby which G ;44T and IBC eSi are

utilized as top and rear solar cells, respectively.

Tablel Simulation parameters of solar cells used in SCAES 1

CdTe CoeZosT CoeZoal CoaZosl CooZosl ZnTe Cds MZO ITO
Ey (eV) 1.45 1.4 1.69 1.85 2.03 2.19 2.4 3.6 3.72

G (eV) 428 4.23 4.03 3.87 3.69 3.53 4.3 4.2 4.5
CB eff. DOS (cn¥) 1.5x 108 1.5x 108 1.5x 10%1.5x10°1.5x 108 1.5 x 108 2.1 x 13° 2.1 x 16° 4 x 10°
VB eff. DOS (cn?) 1.8 x 13° 1.8 x 16° 1.8 x 16° 1.8 x 10° 1.8 x 10° 1.8 x 16° 1.7 x 16° 1.7 x 13° 1 x 108
Ve (cM/V.S) 1x10 1x10 1x10 1x10 1x10° 1x10 1x10 1x10 1x10
Vi (cm/V.s) 1x10 1x10 1x10 1x10 1x10 1x10 1x10 1x10 1x10

Me (c?/V.s) 700 700 700 700 700 700 70 70 30
My, (Cn¥é/V.s) 60 60 60 60 60 60 20 20 5
Na (cm) 1x10°% 1x10% 1x10° 1x10° 1x10% 1x10°
Np (cn3) - - - - - - 12x10%1.2x106%1x 16*

Ey bandgap; G : el e ct rstates; a dlectiomvielocity; W: i@ Selocityd Bkn s i t y

electron mobility; M:: hole mobility; Ni: acceptor density; N donor density.
2.1.1. Transfer Matrix Method

TMM is a widely used tooin numerical studies in various application areas such as

acoustics, astronomy, statistical mecharaesl optics=3 In this thesis, TMM is used
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to calculate the reflection and transmission terms of indivithysrs of a mult
layered structure. The and ppolarized reflections at an interface of two sémfinite

media can bedescribed by the Fresnel equatidfs:

¢t Aido ¢ »p l:—OE—Tr

"y Equation9
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¢ p LOEF & Ai© |

v € Equation10
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whereRs andR, are reflection terms for the and ppolarized incident lightn;, and

nz are refractive indices of medid,is the angle of incidence. However, in theeaf

multilayered structures, light undergoes an infinite number of internal reflections.

TMM met hod models these reflection terms acc
is based on exploiting the continuitytbk electric field within the structure. Santhe

incident light is independenf the structure, the electric field components at any point

in the structure can be normalized to the incident light.

Layers are assumed as homogenous and isotropic. mhdigat is assumed as
monochromatic and coharce of the incident light is conserved. The size of the

illumination source is assumed as infinite.

Reflected and transmitted light in the case of a single layer coating is presented in
Figure4. Light propagating from the first interface to the second is illustrated as black,
the opposite case is pented a blue. Internateflections and incident light are also
demonstrated. In adon to that, the electric field as a function of depth is given in
atop. TMM is based on equating the electric and magnetic fields at the interface.
Hence, the electrongaetic elation at thewo interfaces can be described with a 2x2

transfer matrix as?
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whereE; andB; are electric and magnetic fields at the first interfacetarahdB; are
electric and magnetic fields at the sedmterface, respectivelyp.can be described as
NayerC O gC fals-polarized andhaye/ € acdor pdpolarized light. The anglé is the
refraction angle of the light within the layer, angleris the efractive index of the

layer. Herel is the fhas difference in a single traverse in the tfiim can be
described as:

g hIY o (I)E—l— Equation12
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whereas is the vacuum wavelength of the incident lighter is the hickness of the
layer.

|E|

VN

z

semi-infinite L aycr Thickness ] semi-infinite

Reflected Light Internal Reflection
= -
e
£
= z
-— )) — ))) —
Incident Light Incident Light Port 1-2 Transmitted Light

1 Light Propagation Direction 2

l Port a-b |

Figure 4 Reflection and transmission of light from a single layer. |E| as a function of depth is presented atop.

For a configuration withN layers, each layer has its transfer matkiy based on its

optical properties and thickness can system transfer matribeavritten as:

O . . O i
5 000 s 5 Equationl3

Since tangential components of electric and magnetic fields are continuous at the

boundaries, reflection and transmission terms can be found by reagathgn

electromagnetic fields at the interfaces. To determine the total absorption within each
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layer, the Poynting vector is computed using previcdstgrmined electric field

components at each interface.
2.1.2. Finite-Difference Time-Domain Method

The FDTD metbd isused for computation of the electromagnetic interactions in the
time-domain. Since it is a timdomain approach, a broad range of wavelengths can
be simulated in a single simulation run. Electromagnetic problems for the three
dimensional structuresan besolved using the FDTD method. The illustration of the

3D Yee Cell is presented Figure5.

Bz
(i,j+1,k+1) (i+1j+1,k+1)
(ij,k+1) (it1,),4+1)
Ll (i 1j+1)

E

4

E.V
(ij.k) E (i+1,),k)

X

Figure5 lllustration of a Yee cell used in the FDTD methad.

Electric and magnetic fields are solved with the leapfrog integration method which is
based on solving the eleictfield vector componds at a given instant time step, and
magnetic field vector components of the same coordinates in the next time step

alternatively. The new values are obtained using the values of electric and magnetic
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fields of the last steps. Thisrocessis repeated uiltthe desired convergence is
achieved.

FDTD is a precise and versatile method to model the electromagnetic behavior of
complex geometries. However, it has some challenges among them computation cost
is considerable. Since it is lembon tle discretizatiorof the real geometry with a grid
approach, the mesh size is of great importance. Unlike the TMM approach, media are
modeled with complex refractive index mapping. In complex geometries with small
feature sizes, ultrine mesh size are rquired for accuate simulations. Yet, it is a

very capable and powerful tool for electromagnetic researches.

FDTD Solutions which is deloped by Lumerical, a company headquartered in
Vancouver, Canada, is utilized as the FDTD solver for the desigalyss, and

optimizaion of nanophotonic devices, processes, and matétials.
2.1.3. 1D Semiconductor Simulations

Solar Cell Capacitance Simulai®Yd 6 Vi "Weveloped at the University of Génis
a freely available, ondimensional simulation program for modeling planar solar
cells!” Simulation setup is based on the s$ioln of the Poisson equation, and the

continuity equations foctharge carriers which can be expressetf as:
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wherep andn are free carrier concentratiomd ANis the concentration of the dopants,
} defectén,p) is the defect distributignl pis the electron/hole current densitys pis the

net recombination rates, afis the generation rate.
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The device and semiconductor parameters can be used in simulations for each layer
are thickness, bandgap, electron affinity, electron and hole mekilglectron and

hole thermal velocits, effective masses of electrons and holes, intrinsic carrier
concentration, doping density, and optical properties. Various defect mechanisms can
be introduced to interfaces and layers such as-bmbhdnd, Auger, ath Shockley

Read Halltype recombinatins with a broad degree of freedom. There exist dark and

under pre or userdefined illumination operation modes.
2.2. Characterization

Optical coefficients (n and k) of glass, perovskR&EDOT:PSS, NiQ TiO2, Ag,
Si,PTB7:PCBM,and ITO usedn these calculations are taken from literafl:t&?
The optical constants, the refractive index and the extinction coeffictént,
MgxZni 1 @ (MZO)?3, C1 1 ZxT?4 ethylere/vinyl acetate (EVAP, CdZn 1@ (CZOYS,
andcadmium sulfide (Cd$jused in the computations are adagteth theliterature.
Refractive index spectra of Mgfand materials used in the experimental section
(perovskite,MoOx, ITO, Cso, SiNk, SIG; and aerogeland NiQ) are obtainedy
Spectroscopic ellipsometry measurements (SOPRA-&ESwith a spectral range
from 123 to 500 eV on ¢Si at 70 incidence angle and on glass af &itidence

angle.

Here, experimental methods are briefly described, key parameters and metrics are

mentionel.
2.2.1. Atomic Force Microscopy

The correlation length and the root mean squacedjhnessdata of the surface
metrology of planarized aerogel samples are measured with tapping mode AFM

(Veeco NanoscopeSyle asur ed surfaced di2mensions ar ¢
2.2.2. Scanning Electron Microscopy

Samples surface topographical images are obtained) wsitscaning Electron
Microscope, SEM (FEI, Model Quanta400égated at the central laboratory, METU
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This technique provides information about surface topography anphwiogy. A

beam of electrons is generated using a field emission gun under vaceuatiorp
conditions. Using electromagnetic lenses, the beam of electrons is collimated and
focused. To obtain a conductive layer atop a thin layer of gold/palladium alloy is
sputtered on the top surface of the samples. This coating helps to reduce begen dama
and sample charging while improves secondary electron emissions to obtain high

resolution SEM images.

SEM is used to provide thickness and surface morphology data mfsgée solar

cells in this thesis.
2.2.3. Spectroscopic Ellipsometry

Spectroscopic ellipsnetry neasurements are carried out using a SOPRA-BIES
Spectroscopic ellipsometry is a ndastructive measurement technique that
determines the optical parameters,aefive indexn and extinction coefficierk, of
samples, bandgap, surface roughnasd, thckness of samples based on the change
in the polarization of the light upon the reflection or transmission. Samples are
illuminated with a superposition &f andp- polarized light. The amplitudef thes-
andp-polarized reflected waves differith the polarization of the incident light as a
function of refractive index, extinction coefficient, and thickness. The resultant
reflection (or transmission) presents dltiptical polarization due to asynchronous

peaks and valley positions of reflectiamplitudes.

Figure 6 presents the working principle @ typial speatoscopic ellipsometer.
Incident light is produced with a Xenon lamp, collimated with lenses, and finally

linearly polarized with polarizers before reaching the surface of the sample.
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Figure 6 lllustration of a tyical spectroscic ellipsometry measurement.

Samples are illuminated with a polarized Xenon lamp is collimated and then passed
through a polarizer to produce a linearly polarized light. After interacting with the
sample arface, the linearly polarized ligg becones elligically polarized. The main
measurement parameters of the spectroscopic ellipsometangrandcosgwhich
are the relative reflection ratio and phase difference of both polarizations, respectively.
They can be expressed as:

3‘ S Equationl7
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0 g Equationl18

wherei andi are complex reflection terms afgandU, are the phase terms sf

and p-polarized light, respectivelyThe optical properties, refractive indexand
extinction coefficienk, are determined by fittingahfy) and cosf) with the proper

physical oscillator models.

Typical analysis steps of a spectroscopic ellipsometry chartten are presented
in Figure 7. First, the ellipsometry measurement of the sample is carried out. The
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substrate can be selected among the known materials or it can alsodiéhyeditting
procedue. Typically, toenhance the sensitivity, the incidence angle is selected close
to the Brewster anglalf), which is the angle where the reflection of fhpolarized

light at the uncoated substrate surface vanishes. Since it varies with the wavelength,
the central wavelagth of the spectrum of interest can be considered. For instance, in
the majority of istances, the incidence angles of (8B e 76*) and 57 (dz e 56) are
utilized for the silicon and glass substrates, respectively. Next, the optical model is
constructedncluding introducing the thicknesses and appropriate physical oscillation
models foreach layer constituting the stack. Here, if required, proper adjustments such
as surface roughness and additional oscillator models are also introduced. Later,
parametes of the optical and oscillator models are swept using fitting algorithms to
achieve nmimum error between measured and simuldteal nandec o s spegira

within the physical constraints. The root meaguared error (RMSE) ari®f are used

to evaluate the quality of the regressiBhis a statistical measure that represents the
variance rate of the dependents which is explained éoynttependent variable(s) in

the regression model. RMSE aRtlcan be expressed as:

YU YO p N N Equation19
3

v p — Equation20
whereSSHs the sum of squared errors YO B+ + andTSSs the total
sum of squares and is equaBo + + ,wherer -B + Herex AT A

are measured and fitted data. In mostances, the Levenbekdarquardt algorithm
(LMA) is used for curve fitting. Finally, obtained physical properties such as surface
roughness, bandgap, thickness, and dielectric constant can be verified with other

chaacterization methods.
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Figure 7 Data acquisition steps for a typical spectroscopic ellipsometry measurement.

Since spectroscopic ellipsometry is based on the measurement of relative intensities
of polarization, it is more tolerd of the measurement errors and impaiéas than

optical characterization techniques which based on absolute intensity measurements
such as the reflectietnansmission spectroscopy. Hence, spectroscopic ellipsometry
can be considered as one of the mediable and practical techniques foreth

determination of the optical properties.

In this thesis,the optical constard of Mgk, NiOx, MoOy, ITO, perovskite, &,
aerogel, ITO, LiF, TiO2, SiQ;, and SiN are obtained with the spectroscopic
ellipsometer. Corresponding optical models of each nahtare provided in the
Appendix A including the dielectric models, obtained optical parameters, fitted and

measured a nandg o sspeqtra.
2.2.3.1.DispersionLaws

Here,details of the dispersion laws used in this thesis are briefly presented. Fitting

resultsare manifested in the Appendix
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2.2.3.1.1 Sellmeier Model

Typically, the Sellmeier model is used to model the optical properties of transparent
materials such as glasghereal part of the dielectric functiazan only bedescribed
by the Sellmeier model and it can be expressed as:

O_ Equation21

wherea-is the wavelengthas is the resonance wavelength and B is the oscillator

strength.
2.2.3.1.2Lorentz Model

The Lorentz oscillator model is based on modeling vibration of giyomounded
electrons with a harmonidipole oscillator equations, and best demonstrates the
insulators at their interband absorption regidiThe Lorentz model for complex

dielectric functions can be expressed as:

D O 0O Equation22

T O

O ©O 30
(D30 Equation23
0 guation
T O © 30
wheref is the oscillator strengtlio is the pak energy of the oscillatcm nd G i s

oscillator width.
2.2.3.1.3Drude Model

The Drude model is used to describe the free carriers in metals and highly doped
semiconductor materiaf8.The Drude model for complex dielectric functions can be

expressed as:
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whereEp is the plasma energy, afids the broadening of the oscillatiahthe plasma
energy.

2.2.3.1.4Tauc Lorentz Model

The Tauelorentz (TL) model well demonstrates the behavior of semiconductor and
insulator materials in their interband transition energy region. An approach based on
the combin&ion of the Tauc joint density of &5 of interband absorption at the band
edgé®, and the classicalorentz oscillation model is employed tvithe TL oscillator
model. In the scheme of the Kramé&tonig (KK) equations, imaginary and real parts

of dielectric constants are connected and can be expresfed as:

. & o . |
| = - 0 Equation26

T ot T w © «
T O §L~) (f, o) Q@ Equation27

where® 1 and’ 2 are the real and imaginary part of the dielectric consiis the
bandgap of the materiak is the offset dielectric constam,is the Cauchy principal
value.Equation26 and Equation27 are modified versions of the first proposed KK
relation In the TL Model, thémaginary part of the dielectric constastaken as zero

for the energy values below the interband transitioendd, the lower limit of the
equation is taken as bandgap energy. In theory, it is possible to fully extract real part
of dielectric constantf the imaginary part is known for all engy levels, and vice
versa. However, in practical cases conducted meamsnts are constrained with the

limits of the experimental setup. Therefore, the KK relation provides a general shape
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for the fittings. Theoffset dielectric constant valugp, defined inEquation 26

accounts for the anomalous dispersions causdtéogbsorptions which are beyond

the spectral range of measurement. Dielectric prigggent the films can be expressed

analytically by a comiiation of the TL and KK equatioffs
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wherekEy is the bandgapko is the peak energy of the Lorentz oscillator, A is the
oscillator strenth and C is the oscillator widtfthe imaginay part of the dielectric

constant can be expressed as
000 O O p

e 0O © 600
mh O O

h O O Equation40

2.2.3.1.5Cauchy Model

The Cauchy Modes an empiical method to describe the complex refractive index
of insulators and semiconductors in their transparent speétrtine refactive index

and extinction coeitient can le expressed as:

\ \ 0 0 Equation41
€ € _ —

Q_ O
whereB, C, D, E, andF are empirical fitting parametem@ndnp is the offset refractive

|o

O Equation42

indexat the infinity.
2.2.3.1.6 Forouhi-Bloomer Model

The ForouhiBloomer model can be utilized to describe the optical properties of
crystalline and amorphous semiconductors and dielectrics which is based on a
quantum mechanical dispersion mo#fe® The optical band gap is assumed without
defect electronic states and band structures are assumed to have a parabolic energy
dispersion. In conjunction with the KK relation, the correspondisgersion model

can be expressed as:
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whereEyis the bandgap of the material amgis the offset refractive index. Hergo

Equation43

andCop are defined as:

" 0 0 I . o Equation45
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0 —10 O
whereA, B, andC are positivf—:‘ nofzero fitting parameters. In some cases, materials
can have multiple peaks in their spectra, therefordigpersion can be extended as a
sum of individual ForouhBloomer oscillators for ach peak which have their own
fitting parameter sets. For instance, in this thesis complex refractive index of
perovskite is modeled using three ForeBloomer oscillatorsDetails of the fittings
are provided in the Appendi.

2.2.4. Reflection-Transmission Sgectrometer

The PVE300 Photovoltaic quantum efficiency system is used to carry out reflection
and transmission spectra measurements. It is a production line quality mesagurem
setup, utilized in the accurate determination of the spectral response ofsanma
system brings together a dual Xenon/quartz halogen source, a monochromator, and
detection units to gather reflected and transmitted light in an integrating sphere.
Measurement can be carried out under specular only and diffusion and specular

combired operation modes. The angle of incidencé.is 8
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Figure 8 Photograph of theeflectiontransmissiormeasurement setup

Thereflection andransmission specti@ the fabricated structuresemeasured with
BENTHAM PVES300.

2.3, Fabrication

Photolithographically patterned ITO coated glass substrates were purchased from
Naranjo Substrates. NiGputtering target was purchased from Kurt J. Leskdrn Pb
and CHNHzsl (MAI) were purchased from Tokyo Chemical Industry CO. (TCI) and
Lumtec, rapectively. Fullerene @) and 2,9Dimethyt4,7-diphenytl,10

phenanthroline (BCP) were purchased from Sigma Aldrich.

ITO coated substrates were cleadetbnized weer for 10 min. The substrates were
further treated by UMbzone plasma cleaner for 10 nefore transferring to a vacuum
chamber with a base pressure of B0’ Torr. NiOctarget was sputtered at RF power
of 150 W and Aspartial pressure of 8 102 Torr to deposit 33 nm of compact NiO

film as HTL. Later, the Nioated substrates werertséerred to a vacuum deposition

chamber which was evacuated tax2.0° Torr. CHINHsPbls was formed by co
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evaporating Peand CHNHsl e x pl ai ned i fletRepat afsBtiefiyd y o f
CHsNHsl was evaporated with a temperature of T and Phiat 250 C. The
thickness of the MAPI was monitored by two quartz crystal microbalance (QCM)
sensors. After forming the MAPI layer (310, 370, and 460 nm)28 nm) and BCP

(7 nm) were consecutively evaporated to deposit ETL. The substrates were later
transferred to the metalvaporation chamber atx110° Torr to deposit 100 nm of

silver as tle top electrode.

MoOy, NiOx, LiFx, aerogel, and Si#Dsamples were fabricated onSc for
spectroscopic ellipsometry measurements. MolOF, and Mgk samples were
deposited by using the thermal evaporation tepmSamples were evaporatedder
1T 15@rrpressureThe SiQ sample was deposited by the spoating method with
a 3000 rpm spin rate.Aerogel samples were fabricated with the

methyltrimethoxysilane (MTMS) precurssolution
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CHAPTER 3

LIGHT MANAGEMENT IN THIN -FILM SOLAR CELLS

Planar thinfilm structures are getting popular among solar cell researches and various
other opticalapplications regarding their ease of fabricaticompatibility with
industrial processes and highality outputs. In this chapter, perovskibdeganicand
CdTe thin-film solar cells are investigatelom a light management perspective
Simple yet effectie guidelines are provided, and the proposedhaumlogy is
generalized to be material independeXibng with the optical point of view, the
charge transpopropertieof TCOsare also discussed.

Part of the material presented in this chapter has bellisiped and is reproduced
from Adv. Optical Méer. 2019 1900944’

Typical thinfilm solar cells in superstrate configuration consist of glass/transparent
conductive oxide (TCO)/front transport layer (FTL)/absorber/rear transport layer
(RTL)/metal. The illustation of this structure is given Figure9. The glass layer is
utilized with a thickness beyond its coherence length which mitigates any
interferences. ITO istilized as an exemplary TCO layer in this chapter. MAPI (or
CHsNH3Pbbk) is used as the absorber in the first part of this chapter and later it is
extended foPTB7:PCBMand CdTeMoreover, the effects of various materials and
electrical properties of TCOare also discussed. Transparency and light trapping
properties of FTLare of great importance regarding being part of window layers of
solar cell designSilver (Ag) is used as an exemplary metal layer with a thickness
larger than its skin depth. Typicgllthe reflection is the primary loss mechanism in
the thinfilm solar cells. In addition to reflection losses, transparency of the window
layers should be improved to enhance overall absorption. Both challenges aquire

careful refractive index and thiokss selection.
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Figure 9 Illustration of the typical thirfilm planar solar cell structure investigated in this thesis.

An uttermost absorption of incident light is the most important optical aspect in the
design of solar cellshis is possible with arranging layers to focus absorption inside
the absorber layer and eliminating reflectance. A {film solar cell is typically
fabricated on a TCO coated glass substrate where the sunlight is incidertiguré (

9). An FTL that allows the transport of one type of the ca1iee. electrons or holes)
only is placed between the TCO and the absorber. This structure optically resembles
adoublelayer coating where the refractive index of air needs to be replaced by that
of the glass. Therefore, the investigation of the optidaraction mechanism within

a thinfilm solar cell is approached using a tst@p analysis method starting with
isolating the window layers from the rest of the structure to analyze their anti
reflective trends, and later investigating the full devicacstire as an optical cavity
analysis to enhance the total lighapping with careful adjustment of refractive
indices and thicknesses of the individual layers.

3.1. Guideline for Optical Optimization of Perovskite Solar Cells

Excellent optoelectronic prepties of perovskitesuch as high carrier mobilities and
absorption coefficiestand long minority carrier lifethes enablerepors of new

record efficiencies on average twice a year since 364%BA massive number of
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surveys lave been conducted on enhancing stability and improving the efficiency of
perovskite solar cells. One way of the maximization of the photocurrent generation
can be sustained by the light trapping. Light trapping in perovskite solar cells can be
sustained ¥ verticakcavity desigr;*¥4” plasmonicg®°° external antreflective
films,>>>2photon recycling?>*and surface texturingy' 2 The verticalcavity design
among all other lightrapping approaches is much more attractive since it can be
realized by adjusting the optical thicknesses of the layers used to fabricate a perovskite
solar cell. In cajunction with that, the planar vecal-cavity designs based on simple

vacuum fabrication stepghatguarantee the lowost of the perovskite solar cell.

An optical simulation analysis of glass/FTO/BIOHsNH3Pbk/SpiroOMeTAD/Au

solar cell stack is reptad by Ball ¢ al. where they havpresented local maxima in

the modeled short circuit current at perovskite thicknesses of ~190 nm, ~320 nm, ~470
nm, and ~630 nm regarding the interference setfifigsvertheless, thegimulations

were not extendeto include variougansport materials (TLs) with altering refractive
indices. A more inclusive optical simulation investigation on perovsk&etandem

solar cells using the FEM was published by Grant & Bhey have investigated the
optimum refractive indenf an ideal FTL of the perakite-based top cell hich two
distinct regions are reported as, ones smaller and larger than the perovskite refractive
index at a wavelength of 2000 nm since the focus of the study is the optimization of
the tandem structure.eNertheless, this divisios incomplete in the etidation of the
singlejunction perovskite solar cells utilizing shorter wavelengths than a
perovskite/eSi tandem cell. Verticatavity designs to improve 2T and 4T based
perovskite/silicon tandem solaelts in which, perovskite $ar cell consists of TO

coated glass, SprOMeTAD, CHNH3Pbk, TiO2, and rear ITO layers is documented

by Filipic et al** It is noteworthy that the optimum thickness of a transport layer
depends on the configuration type, 2T or 4T. For instansuature with non
optimum hyer thicknesses caedd to an underutilized perovskite photocurrent value
while a higher tandem efficiency in the 2T configuration. Thus, optical cavity design

of a singlejunction perovskite solar cell is more similar to tbaperovskite top cell
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in a4T tandem cell configration, however, it is still not enough to compare them
regarding the fact that utilizing a planar metal mirror at the rear side in the case of
singlejunction optically differs fromthe transparent condtige electrode of the
tandemsolar cell substantiig. Even though there exist reports recommendimg
usage of FTL with a refractive indexref) contiguous to the refractive index of

perovskite’>*®the opti@l mechanism of this recommaation is not fully kicidated.

V- and Wcoating approaches can be applied to perovskite structure with the selection
of proper wavelengths to minimize the integrated reflection. In addition to that, the
optimum optical thicknesses can be found iteragivéllso, an analyticahpproach

based on the first derivate test method is developed to obtain optimum parameters.

Performance comparison of these approaches is presented later in this chapter.

The effect of the refractive indices and thicknesses of thdow layers on perovik
absorpion is investigated. Perovskite thickness is used as-isdimite to isolate the
window layers and to investigate the reflection and parasitic absorption losses specific
to these layers, and thus to elucidate therafigctive effect of themrlhe illustation

of this structure is given iRigurel0.

Figure 10 Illustration the structure used to probe angiflection of FTL and ITO layers onvery think
perovskite
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MAPC asa function of the tlukness and refractive index of a hypothetical RIL
demonstrated ikigurell. The refractive index of the FTL is used as constant and the
extinction coefficient is omitted to present a direct guideline to optimize the FTL,
leading to superior ARC performance perowskite solar cells. The ITO layer
thickness is taken as 70 nm which corresponds to the QWOT condition at a
wavelength of 525 nm. Since the majority of the common TCO materials (i.e. ITO,
AZO, FTO, 10:H) have refractive indices satisfying the SLARCdition (&

€ € ) in a glass/TCO/perovskite structure, reflection elimination in

the QWOT condition is obtained in the case of no FTL. In particular, ITO fulfills this
principle in the U\WVisible part of tke spectrmm which yields a peak MAPC for
QWOT of ITO at this rangd-or longer wavelengths, ITO has a gradually decreasing
refractive index and converges to the one of glass, therefore QWOT condition
weakensThe higher the ITO thickness, the lower the MAPQues,and this can be
attributed to the pronounced parasitisarption in ITO with increasing its thickness.
Refractive index and thickness dependence of the hypothetical FTL changes
negligibly with ITO thickness as revealedrigurel2a, b.

There exist thre@rominent regionsn Figure 11 and Figure 12 where MAPC has

distinct behaviors:

1) neL ranging betweeapproximately 1.8 and 2.8 is optimum irrespective of

its thickness.

2) The optimum refractive index window broadens for thinner FTLs. In
particular, MAPC becomes inssitive to ir. for the thickness \aes below

15 nm.

3) MAPC intensivelydepends on theTE thickness when i, is not within

the optimum range, which yields definite interferences inside the FTL.

In the case of \. larger than 2.8 or smaller than 118w and high reflections are
attainel for thickness values correspondity the HWOT and @/OT values,
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respectively. For example, HWOT behavior is accomplished for FTL thickness ranges
of 70-100 nm and 20300 nm in the case of large and smal_nrespeately. On

the contrary, the selectioof FTL within thickness ranges 08430 nm and 3®0 nm

for small and largem. satisfies the QWOT condition, respectively, hence reflection
increases which in turn, decreases the MAPC. The broadband nature ofathe so
spectrum is considered for thévgn thickness ranges. If not, QWOTRAHWOT
behaviorshould coincide with a single wavelength. Consequently, the optimum FTL
thickness is as thin as possible for af_nhat is larger than 2.8 and smaller than 1.8
asshown by the solid line ifigure12b. The optimum FT thickness value shifts to

~16 nm from ~97 nm with increasingr from 1.8 to 2.8.

4.0
3.5
3.0
2.5
2.0 [
1.5
1.0

FTL Refractive Index

10 20 30 40 50 60 70 80 90100
FTL Thickness (nm)

Figure 11 MAPC of seminfinite perovskite as a function of the thickness and refractive indekygfathetical
FTL upon a 70 nnathick ITO (a).Dashed lines separate three regions with distinct behaviors.
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Figure 12 MAPC for a seminfinite perovskite as a function of FTL thickness and refractive index for ITO
thicknesses ofj 150 nm, (b) 210 nm, and (c) 70 (ewtendd). The white solid line in (b) indicates the
optimum FTL thickness f&1TL refractive index calculated witquation56. White dashed lines in (c) separate

three regions with distinct bekrs.

3.1.1. An Analytical Approach for the Double-L ayer AR Stack with an Ideal FTL
and ITO atop Semi-Infinite Perovskite

This strategy provides straightforward guideline of the TL choice in perovskite solar
cells. DoubleLayer analytical reflectio atop a seminfinite substrate can be

expressed as:
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c o0 g)(ahd t and tare thicknesses of IT@d FTL laye, and n, ni, np, and 3 are

refractive indices of gks, ITO, FTL, and perovskite, respectivliyh e ti@am e b

are defined as the phase difference related to optical path length that forms as one

passage through the ITO and FTL layeespectivelyTheyc an be ghiwen by 27 n
and a2 &n at naodemceTad exténded version of the formula can be given

as:
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As shown ih Figurell andFigurel2, the optimum window widens for thinner layers

as optical pattength shortens suppressing the interferences within the FTL and the
resutant reflection. When FTL thickness smaller than 20m, from an optical point

of view, MAPCbecoms independent of the FTL refractive index. This can be sought

given the extendecklationship for reflection as given Equation50.

Low reflections with very thin FTL, that satisfygh¥ritrr<a/ 10 condi ti on, ca
explained wit h ttdrme Evntually, meflectiorefor thim FBicanb

be written as
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€ Equation51

Since the refractive index of ITO fulfills th8LARC criteria, low reflection can be
achieved.The refractive indexange between 1.8 and 2.8 is optimum for any FTL
thickness. This can be ascribedthe fact that when the refractive index of FTL is

[

choserwithin the range of T T T 1T T17j1,the reflection term caused by

the refractive indexf the FTL vanishes, hence FTL functions as a perfect matching

layer. Eventually, t@al reflection can be expressed as:

Heii e &5
. € i
Ye — — — Equation52
i Qe = wWeET € =

and it can beseen that reaydless of the thickness of FTL, reflection is suppressed.
When FTL thickness equals to QWOT, further reflection suppression is possible with
nere falling into the optimum FTL refractive index range. For a -“optimum
refractive index range d#TL, which s above 2.8 or below 1.8, overall reflection is
substantially affected by the thickness of FTL. In this refractive index range, the
refractive index difference term is significantly pronounaedithe reflection losses
increase which can be@ressed byequation50. Therefore, reflectiormand MAPC,
strongly depend on the thickness of the FTL. High MAPC zonésguare 11 and
Figurel2, correspond to the HWOT condition. In this case, phase terms are canceled
and reflection term reducés Equation51. For instance, ifa< T T , regarding the
relatively smadl refractive index of FTL, HWOT conditions that exploit phase

cancellations can be satisfied if TL is as thick as260 nm as showmiFigurel2c.
Similarly, if o, T 1T j1 ,theFTL thickness range of 7000 nm corresponds to the
HWOT value and presents higher MAPCs, as shindrigurellandFigurel2 When

43



QWOT values are selected for thelRhickness outside the optimum refractive index

window, reflection can be exessed as:

€ € Equation53
R
since the refractivendex difference is large, resultant reflection becomes high which
in turn reduces the MAPCs.

The reflection spectrum ohaexemplary stack consists of glass/IFOL/perovskite

with simplified equations and opticBMM simulations are calculate¢d evaluag the
accuracy of the analytical equatiorfsgure 13a shows the simulated reflection
spectrum of the mentioned stack when Ni©selectedas 15 nmto fulfill the thin

FTL condition along with the reflection spectrum calculated with the coomrding
formula Equation51). It can beseen that for waslengths longer than 450 nm,
Equation51 and simulation results aneentical. Figure 13b shows the reflection
spectra of glass/ITO/Tigperovskite stack calculated witguation52 and opical
simulations. A 30 nnthick TiOz is used as an FTdue tothe fact thaits refractive
index falls into the optimum refractive index windowigure 13c presents the
comparison othe analytical approach and simulation an FTL with noroptimum
refractive irdex and thickness satisfying QWOT, PEDOT:PSS is used as an FTL with
a thickness of 8 nm to satisfy QWO condition at 500 nm wavelength. Since
PEDOT:PSS has a refractive index of 1.48 which is below the optimum refractive
index window and a thickness valaeQWOT, an increased reflection is obtained in
both simulation and analytical aparches. Simulatioand analytical methods are in
good agreement for wavelengths longer td@0 nm. It should be noted that the
refractive index spectrum of perovskite hassharp change in the 3@00 nm
wavelength range which causes analytical approathediverge in thisrange.
However, the photon flux in this range is limited, therefore the discrepancy within this

region is sustainable.
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Figure 13 Reflection spectra of glass/ITO/NiO/perovskite stack with QWOTATT6 nm NiQ FTL (a), 30 nm
TiO2 FTL (b)and 80 nm PEDOT:PSSTL (c) calculated withanalytical (black) and simulation (blue).

Considering the higher photon density of the solax fht thevisible and longer
wavelengths, the weighted reflection spectrunmimizes the reflection dérence,
especially in the UV part of the spectrum. To demonstrate a comparative investigation
of the proposed analytical approach and simulations, photnt equivalents of the
reflection spectra calculated with both methodspesented as a functiofthe FTL
thickness and refractive index. For the analytical approach, reflections are calculated
with: (i) Equation51if the thickness of the FTL is smaller than 20 nm,Kijuation

52 if the ner falls into the optimum index range, and (Hyuation50 if the nerL is

outside the optimum idow, and results are presentedrigurel4.
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Figure 14 Comparison ofveighted reflections obtained bimulatiors (a) and anaytical calculations(b).
Reflection losses are presented as current flux as didunaf the thickness anefractive index of FTL.

The optimum refractive index spectra of the FTL is calculated using the first derivative
test. The derivativeof Equation49 is taken with respect to the refractive index of the
FTL. The obtaind first derivative of the reflectioequationis given in AppendixC.

The derived optimum refractive index spectroyrthefirst derivative test is presented

in Figurel5 along with the optimum refractive indespectrum byhe iterativeoptical
simulation The catulated optimal refractive indiseusing both methods are in good
agreement. The slight differenagéses froomeglecting the extinction coefficients in

the first dewvative test. It is worth mentioning that if the optimal refractive index
profile is usedabsorptios of more than 97% wiitin the active layer can be achieved.
An absorption of more thar®% can be achieved for wavelengths longer tham880

when the refletion of the airglass interface is ignored.

The constant refractive index approach isigroent with most of the transpor
materials such as NiQTiO., and PEDOT:PSS whose refractive index spectra are
shown inFigure 116 (seeAppendix B. An FTL refractive index of &.in the UV
region of the spectrum is ideas presented iRigure 15. Approaching to longer
wavekngths (the near IR part of the spectrum of interest) the ideal FTL refractive
index becomes ~&here refractive indices of ITO and perovskite are ~1.6 and ~2.7,
respectively. Lastly, the ideal FTL refractive index is ~2.5 in the visible part of the

spectum regarding the larger refractive index of the ITO and extinction coefficient of
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perovskite incomparison with their values in the IR part of the spectrum. The
calculated ideal FTL refractive index spectrum is presentdegarel5 for a 30 nm
thick FTL and 70 nnthick ITO providing a waghted reflection below 4.1% and this
value is lower than 0.6% when the reflaute at the air/glass interface is omitted.
Beyond this pintin this chapter, three commonlged transport layers in perovskite
solar cells: PEDOT:PSS, NiPand TiQ, having dstinguishing refractive indices
from each other are analyzed as demonstiatEgjure116(see Appendix B °In

the case of the TIOFTL, the TiQ refractive index (fo2) is within the optimal
refractive index rangeFgure 11), for nearly all the imptated spectrum, that of
PEDOT:PSS (sepot:ps9 is mostly away from the mentioneshge. Alternatively, the
NiOy refractive index (Riox) is close to the lower bounad the optimum refractive
index window for a broad range of the interested spectrums.nibeworthy that the
refractive indicesof PEDOT:PSS and ITO, and of Ti@nd peovskite pairs are
analogous, the Nigrefractive index is sandwiched by those of & perovskite at

long wavelengths.
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Figure 15 Absorption speca of computed champion refractive indexofile, optimum thicknesses (40nm TL and
70nm ITO) are given with numericakiynd iterativelyfound champion refractive index profiles.
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3.1.2. Double-Layer AR Approach for Practical FTL Materials

Figure16 shows the differences in MAPCs of a senfinite perovskite as aihction

of ITO and FTL thicknessefor PEDOT:PSS, NiQand TiQ as the FTL. In the
absence of an FTL, theptimum ITO thicknes range is found at a 5@ nm range
(Figure 16),*44758 supporting the QWOT behavidin line with Equation 50.
Furthermoe, MAPC steadily decreases with increadimg ITO, PEDOT:PSS, TiO

and NiQG thicknesses due to the parasitic absorptions in these layers regarding their
nonzero extirction coefficients, especially ahort wavelengthsThe decreasing the
PEDOT:PSS thickess yields an increase in tAPC and MAPC maximizes in the
absence of PEDDPSS as shown iRigure16a, and as recommendedkigure11.
Furthermore, a local maximum around a PEDCGSBRhickness of 160 nm is found
due to the supported HWOT behavior at a central wagtiearound 500 nniNotably,

a PEDOT:PSS thickness of 160 msrbeyond the limits of efficient carrier transport.
Alternatively, MAPC does not change considerably witmyag the TiQ thickness
since the TiQ refractive index is similar to that of perovikiparticularly for
wavelengths longer than 475 r{Figure116, see Appendix B) Hence, thdi0, and
perovskite layers function as a joint optical layer, and the resultant reflection from the
TiO2/perovskite interface becomes negligible. Alsothe TiQ refractive index is
considerably larger than the one of perovskite and its extinction ceaffisi highest

at short wavelengths, driving higher reflections and parasitic absorption losses in the
UV part of the spectrum. Consequently, a locabhxima zone in MAPC arises at a
TiO2 thickness around 25 nmFigure 16b), which serves a superior ARC at
wavelenghs around 400 nm600 nm as presented ligurel7. The dependency the
MAPC on the thickness of NiQOs rdatively weaker Figure 16c) since the NiQ
refractive index falls withi the optimum refractive index range across the absorption
spectrum of perovskite as presented-igure 11. MAPC presents a local maxima
trend in thecase of the 60 nm joint thickness of the ITO andN&@ers Figurel6c),

manifesting an absorption maximuprimarily at long wavelengths (>600 nm) as
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presented irFigure17b. A broad thickness range of Nj@llows high MAPC due to
its refractive indexeing in proximity to the one of ITO, particularly in the visible
region of the speatm, which brings on aiv reflection at the interface of NiGnd
ITO. Notably, the 60 nrthick NiOx and 25 nrthick TiO. are optimum thicknesses
that perfectly aligneavith those found from the constant refractindex analysis, as
shown by the solid fie inFigure16c andFigure 17b, presenting an endorsent of

this concept for metal oxides.
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Figure 16 MAPC of seminfinite perovskite at various thicknesses of ITO and (a) BEPSS, (b) Ti@ (c)
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Figure 17 Absorption spectrafesemiinfinite perovskite for various Tixand NiG thicknesses.

The semiinfinite perovskite absorption spectra calculated for the 30Gthick
PEDOT:PSS, Ti@ and NiGQ FTLs are presented iRigure 18 together with the
AM1.5G photon flux spectrum. The perovskite a@ipsion maximizes for
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PEDOT:PSS in the UV, and for Ni@nd TiQ in the visible and IR regions of the
spectrum. Considerin@p¢ fact thathere is a higher photon flux at longer wavelengths
of AM 1.5G photon flux spectrum, absorptions in the cases of &A@ TiQ mostly
superior to that of PEDOT:PSS leaving the UV part of the spectrum. The perovskite
absorption drops found inavelengthsshorter than 350 nm for NiCand TiQ is
primarily due to more distinct refractive indices of the FTLs and perovskitelarger

FTL pamasitic absorptions as presente@igure116(see Appendix B The local drop

in the aberption spectrum in the case of Ni@round 480 nm wavelength can be
ascribed to the fact that the joint optical thickness ofNa@d ITO is an integer
multiple of HWOT which leads to increased reflection for the mentioned region. In
the case of PEDOT:PS$his drop moves to the 470 nm wavelength on account of
smaller optical thickness of PEDOT:PSS through its smaller refractiex ifor that
wavelength. Furthermor#&e drop is more intense for the PEDOT:PSS case regarding
the higher index contrast resubf larger refractive index difference between
PEDOT:PSS and perovskite compared to the case of R@dthe TiQ FTL case, the
perovskite absorption spectrum issmerably enhanced for 48D0 nm wavelength
range result of superior ARC behavior of 8@ nmthick TiO. in good agreement
with Figurel6b andFigurel7a.

Selecting the thickness of the ITO layeci#tical also from the electrical perspective
alongwith the optical point of view due to the fact that it should be suffityehick

to support the requirelhteral conductivity. Therefore, a 210 fthick ITO with a
corresponding typical sheetresistanco f a p pr o 2 jismaectedlifyigure 0 q /
18 and the rest of the chapter unless otlez stated.
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Figure 18 Absorption spectra of serifinite perovskite whea 30 nm TL and 210 niifO are used (d) together
with the AM 1.5Gspectrum for the photon flux (green shaded area). The simulated structure (e).

When PEDOT:PSS or Ni©Qhole transport layers anesed at the front side of a
perovskite solar celHigure9), PCBM is commonly chosen as the electron transport
layer at the rear side. Likewise, SpiltMeTAD is a commo hole transport layer
when TiQ is used at the fronside as an electron transport layer. The absorption
spectra of 445 nmand 510 nmthick perovskites are shown Kigure 19 for ITO,

NiOx, PCBM and Ag thicknesses of 210, 30, 50 and 100 nm, respectively. The semi
infinite perovsKki tspectfuin with 30 nathickNidQamyl 218 b s or p
nm-thick ITO atop is also demonstrated for comparison reasons. The perovskite
extinction coefficienmaximizes at the 350 nm wavelength, and it redgcadually

with wavelength as presentedrigure116(see Appendix B Therefore, lhe incident

light at short wavelengths is mainly absorbedai singlepass completely before
reaching the rear side of the solar cell depending on the perovskite thidkiass.

the incident light with longer wavelengths is mainly absorbedistinct finges due

to interferences, as shown in the insdfigurel19. Thus, the region shorter and longer
than a threshold wavelength, whiccorresponds to the dominant absorption

mechanism change, are called Beambert and interference regions of the spauir
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respectively, as presentedRigure19.4* When typical perovskite thickness is varied
from 250 to 800 nm, the onset of the interference region changes from a threshold
wavelength of 420 nm to 630, respectively, as presentégume20. The mentioned
onset tiheshold vavelength around3® nm is prominent ifrigure19for a ~500 nm

thick perovskite thickness.
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Figure 19 Absorpton spectra of pengskite at thicknesses of seimfinite, 445 nm and 510 nm for Ni\@GPCBM
and Ag thicknesses of 30 nm, 50 nm, 100 nm, respectively.Thegteightedspectral absorption rate of photon
profile within thedepth of 445 nm perovskite
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Figure 20 Absorption spectraf@00 nm, 500 nm and 8® nmthick perasskite along with seminfinite 100e m
perovskite for a Ni©thickness of 30 nm. The thickness of PCBM is 50 nm in the case of finite perovskite layers.

Destructive and constructive interferengeperovskite have principal consequence
onthe MAPC makiig it minimum and maximum, respectivél§? For instance, 445
nmthick perovskite supporthe constructive imtrferences, and a 510 rimck one
suppats destructive interferencaslong wavelengths (i.e.@nd 7008750 nm). Thus,

a 445 nmthick perovskite leads to a 0.5 mA/ghigher MAPC than the MAPC of the

510 nmthick one in the given cestructure with a MOy FTL. Notably, in the case of
PEDOT:PSS and TiQ FTLs, a 0.5 mA/crhimprovement in MAPCs by Uizing a
thinner perovskite layers, 455 nm vs. 525 nm for PEDOT:PSS and 435 nm vs. 510 nm
for TiO,, can also be attained as presente&igure 21. Evidently, the perovskite
absorption is weak at wavelengths longer than 780 nm, wdiiabst corresponds to

its band edge, due to the small perovskite extinction coefficient.
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semiinfinite perovskite. fie thicknesses of TiO2 and PEDOT:PSS are 30 nm. The thickness of PCBM is 50 nm
in the case of finite perovskite layers.

The effects of the thicknesses of the reansport layer (RTL) and perskite on
MAPC is presented irFigure 22a, Figure 22b, and Figure 22c for 30 nmthick
PEDOT:PSS, Ni@and TiQ FTLs. Furthermore, the effects of FTL and perovskite
thicknesses on MAPC is demonstratedrigure23a, Figure23b, andFigure23c for
a 50 nmthick RTL. Light trapping (circular arrow$ and ARC yertical arravs)

mechanism# perovskte solar cellsare presentenh Figure24.
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Figure 24 Light trapping (circular arrows) and ARC (vertical arrowslechanisms perovsite solar cellsare
presentedor PEDOT:PSSa), TiOz (b) andNiOx FTLs(c).

The optimum thicknesses of perovskitgertskity and RTL (kL) that yield local
maxima in MAPC presented by the dashed lineBigure 22a andFigure 23a are
described by the following linear formula for PEDOT:FSH.:
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where r. and &rL are the refracti® index and thickness of the RTL and m is an
integer, representing the interferenceesrdlhe constructive interference patterns
arise at every 150 nm of the perovskite thickness supporting the HWOT behavior at
the 770 nm wavelength asgsented irFigure22a andrFigure23a. Refractive indices

of nrTL and nerovskite are chosen at 730 nnfiof m=3), which is near the central
wavelength of the strong interference region occurring in the perovskite layer.
Considemg the fact that the intlarence region onset shifts due to the perovskite
thickness as shown iRigure 20, a slightly shorter (~685 nm) or a lomgeentral
wavelength (~780 nm) can be chosen for mefino3, respectively. The RTL acts as

a phase shifter (delayer) which is illustrated by perfecftit of Equation54 with the
maxima in MAPC shan in Figure22a. Thus, the increased phase shift defined with
increasing the RTL drives the optimal thicknedsthe perovskite layer foeach

interference order to shift to smaller values as presentedume22a.

Considering the contiguous refractive indices of PEDOT:PSS, ITO, ass igldhe
interference dominant region, the optimal PEDOT:PSS and perovskite thicknesses are
optically decoupledrom each other Kigure 23a). Hence, the result of having a
transparent front window for the mentioned wavelength regionpdc&reflected
photons from perovskite into PEDOT:PSS are transmitted to the glass, esoapes f
the stucture through the PEDORSS/ITO and ITO/glass interfaces. Therefore,
interferences in the perovskite solar cell at long wavelengths occur amid
perovskte/PEDOT:PSS and PCBM/Ag interfaces as showrigure24a.

In the case of TIQFTL, a lateral shift of the dashed lines kigure 22b 7 in
comparison withlrigure22a- and a pronounced inclination of the dashed lines towards
the yaxis inFigure23b is found. Thdevel of the shift and the sl@pof the inclination

can be defined by subtracting th&rm ErNFTLNperovskite)from Equation54. The

subsequent equation is expresseldomation55.
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It is noteworthy that, ithe case of TIQFTL, the shift is almost equaent to the TiQ

physical thickness due to the fact thadsis similar to Rerovskiteat wavelengths longer

than 475 nm where there existgyeeater photon flux in the AM 1.5G spectrum.
Accordingly, the sl ope of tcdiesopticallgbothnat i o
of the layers have equivalent shares in interference mechanisna.rhagima in

MAPC occur as continuous lines presentinagttinterferences in these configurations
happerbetweenTiO./ITO and PCBM/Ag interfaces as shownHigure24b. A local

maximum at the 25 n#thick TiO. leads to a greater ARC performance within the

TiO2 layer at short wavelengths, as showrFigure 24b by the straight arronas

illustrated inFigure16b, in Figurel7aand also appeams Figure23b.

Similar to TiQ, in the case NIQFTL, a horizontal change of the local maxima of
MAPC with the thicknessed ®CBM and perovskite happersidure22c vs. Figure

22a). The NiQ refractive index in the interference dominant region is diffefr@mh

that of bothITO and perovskite unlike PEDOT:PSS and Zi0hus, interferences
taking place within the perovskite layehappens when the thicknesspafrovskite
follows Equation54 - can be supportedr canceled out when the thickness of NiO
equals to ra-/ non or (2m+1p-/ ot respectively, as shown iRigure 24c.
Corsequently, maxima in MAPC can be attained when both erer€e mechanisms
happen constructively as illustratedRigure22c. Yet, the highest values of MAPC
occur not in the absence of Ni®ut when the thickness of NiGs around 60 nm
thanks to the greater ARC performance, in particular at longer waveseras
illustrated inFigurel7b and Figure16c when a sufficientlyttick perovskite (>700 nm

or m>5) is utilized. A thinner NiQsupports a better ARC performanice thinner
perovskite layers, in which the IR light cannot be absorbed efficiently, presented as
the green arrow ifrigure25c. The thickness of i®x follows the QWOT condition,

95 nm,atlongwael engt hs provides the aq@)tfor mum AF

light reflected from the rear metal electrogfegure 122 see Appendix C)Thus, a
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relatively high MAPC can be obtaed irrespective of the NiQhickness between O
and 100 nm as shown igure23c.

Local maxima regions in MAPC for different interference ordees presented in
Figure 25 (black squarés Local maxima regions preded using Equation 54nd
Equation 55 are shown tsplid blue anded lines. Green arrows igure 25b and
Figure 25c indicates the optimum TiQ and NiQ thicknesses in terms of ARC
efficiency. Green band iRigure25c indicates NiQthickness range providing QWOT
condition hndering occurrence of interference in perovs&dkr cell.
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Figure 25 Local maxima regions in MAPC fdiifferentinterference orders when (a) PEDOT:PSS, (b)zlaéd
(c) NiOxis used as FTL (black squares). Local maxima regions predisiadEquation54 and Equation 55
are shown by solid blue and red lines. Green arrows in (b) and (c) indicated the optimpem@iNiG
thicknesses in terms of ARC efficie@yeenband in (c) indicates Nicthickness rangerpviding QWOT

condition hindering occurrence of interference in perovskite solar cell.

As previously discussed throudfigure 22, Equation54 or Equation 55 can be
followed if the interferences happesmong the perovskite/FTL and RTL/Ag
interfaces or inbetweenthe FTL/ITO and RT/Ag interfaces, respectively. It is
noteworthy to discuss the corteess ofEquation54 and Equation 55 in predicting
perovskite and transport layers thicknesses to accomplish local maxima in MAPC, and
the validity of the propa=l equations wit respect to #rL, Nrco, and erovskite
Equation54 and Equation 55 are precise within &w nanometers compared to the
TMM simulations and previolis documented experimentalslies for PEDOT:PSS

and TiQ as shown inFigure 25a andFigure 25b, respectively!4%5® Figure 26
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manifests that, with constahner. assumptionEquation54 andEquation55are valid

when ne is below ad above 2.1, respectively. $hould be noted that the FTL
extinction coefficient is taken as zero over the spectrum of inter&sgume26. The
aberration in the optimum thickness of the perovskite layer from what is predicted by
both equations is the largest the transition refractivendex (i.e.nrr. = 2.1), as

presented ifrigure26.
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Figure 26 Computed maximal trends in MAPC for various interference orders for hypothetical FTLs with
refractive indicedetweerl.0 and3.5 and wth no extinction coefficient. Maximal trends predatusing
Equation54 and Equation 55 are shown by solid blue and red lines.

While the opimum thickness of the NiOFTL decreases with perovskithickness,
TiO> thickness does not vary considerably, as discussed thiigghe 23b andc.
Furthermore, the optimum thickness of PEDOT:PSSulshbe zero or as thin as
possible regardless of the perovskite thickness. Aaugisd the effect of ar. onthe
optimum FTL thickness, and consequentlyEmjuation54is elaborate. The optimum
FTL thickness versus its refraativindex for various thicknesses of perovskite,

satisfying constructive interference at long wavelengths when RTL thickness is zero

59



Is shown inFigure27. The highlighéd legions inFigure27 specify therange of the
FTL thickness at which the MAPC varies no more than 1% from its maxirnfee at
computed ar. (shown by square symbol€jquation56 is an empirical fit toFigure
27 for netL larger than gioff, Supporting the optimum thickre®f FTL when the
thicknesses of perovskite and RTL satiStyuation54 or Equation55, for interference
orderslarger than or equal to 2, as illustrated by the solid red lifggare27. The
deviationbetween thesimulated optimum FTL thickness akdjuation 55 estimates

is less than 0.6 nm. The optimum FTL thickness is zero in the case of thuskite
layers, which have the inference order of 1, as illustrated Higure 27a. The
transition refractive index, citorf , IS defined as the refractive index which the

optimum thickness of the FTL is no longer zero.

0 0 o @n o 7o Qané Equation
¢ 6 56

where femiint = 118.80 nm, C=6+ Ciexp(tperovskitdtz), o= 167.65 nm,it= 361.85nm,
Co=1.71, G=4.04, $=170.77 nm.skmiint iS the optimum FTL thickness in the case of
perovskite thickness is setimfinite and &L iS neutoft, Which equals to 1.95, 1.85, 1.80
and 1.75 for perovskite interference orders of 2, 3, 4 and >= 5, teghec
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Figure 27 The optimum FTL thickness with respect to FTL refractive index for interference orders of (a) 1, (b) 2,
(c) 3, (d) 4, (e) 5 and for seriifinite perovskite. The RTL thickness is set to zero. Btadland blue dots
indicate the optimum FTL thicknessPEDOT:PSS, Niand TiO2 obtained using their experimental refractive
index and extinction coefficients, respectively. The solid red line shows the optimum thickness prediction of
Equation56.

The =t value can be chosen from 450 nm wavelength. Howeyer,chosen at a
shorter wavelength preserdsbetter estimatéor the thickness of FTL for materials
whose refractive index decreases with wavelength. Furthermore, a smaller FTL
thickness should be targeted when FTLs with a large extinction coefficientedire us
which might be inevitable for largefractive index marials, rt. > 2.5. However,
deviations of the optimum thickness for Niénd TiQ FTLs from what is predicted

by Equation56 yield less than 1% variations in MAPC from its maxima at the

calculated gr_ as illustrated irfFigure27.

It is noteworthy that contigus refractive indices of ITO and glass at long
wavelengths hinder the formatiof interferences whin the ITO layers hence the
thickness of ITO is not accouwtén Equation54 andEquation55. In other words, the
optimun perovskite thicknesses in which local maxima in MAPC for variou
interference orders occur, do not vary with the ITO thickness as preserfiiggiia

28. This mebanism is generalizable for other common TCO materials such as FTO
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(Fluorinedoped Indium Oxide) and AZO (Aminumdoped Zinc Oxide) as

illustrated inFigure29.
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Figure 28 Variation of MAPC with prowskite thickness for various ITO thicknesses, it PCBM
thicknesses are taken as 30 nm and 50 nm, respectiveRCNecreases with the thickness and the extinction
coefficient Figure 116, seeAppendix Bof TCO dued enhanced parasitic absorption.
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Figure 29 Variation of MAPC withperovskite thickness for different TCO materials with 210 nm thicRhé&ss.
NiOx and PCBM hicknesses are taken 88 nm and 50 nm, respectively. The extensive parasitic loss in FTO
smooths out MAPC variation with perovskite thickrié4s.

Moreover, the differencaa optimum perovskite thicknesses falla range of 10 nm
when different perovskite are employed, employing the refractive imdk&dinction

coefficient spectra of various reported perovskites, as illustrateBigare 30.
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However, the magnitude of MAPC changes regarding different extinction

coefficients.

8 18 L. e== Chen et al.
§ 'f/’ == Ball et al.
16 e | 5peretal. -
| === Jiang et al.
14 Ziang etal. -
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Figure 30 Variation of MAPCwith perovskite thickness for various perovskitesiOx and PCBM thicknesses
are taken as 30 nm and 50 nm, respectively. The variations in optimum perovskitesbes are within a range
of 10 nm for various perovskites.

In this chapter, a guideline to predict the optimal thicknesses tdybrs in perakite

solar cells (TCO, FTL, perovskite, and RTL) is proposed when the refractive indices
of FTL (both at 50 nm and 730 nm) and RTL (at 730 )nane known. The required
equation sets to present a guideline are givérabie?2.

Table2 Summary of equations that needs to be used when calculatingithgbvskiteand &L for variousnere

ranges. The values of refractive i5®adnidc ess= 7s3h0o unlnd ibne B gauk
54 and55.
Ne7L Fange | temL | tperovskite& tRTL
<1.8 ~0nm Equation54
1.8-2.1 Equation56 Equation54
21-2.8 Equation56 Equdion 55
2.8< ~0nm Equation55

The optical engineering of perovskite solar cells can be briefly summarized as follows

(also a decision tree is givenkigure31):

f Use an FTL with a refractive index bet

use as thin FTL agossible Next, the thtknesses of perovskite and RTL can

63



T

T

be calculated using Equatid¥ or 55 if nFr<2.1 or r>2.1 at 730 nm
wavelength, respectively.dte that a thinner RTL is superior if its extinction
coefficient is norzero.

Calculate the approximate thicknesses of perovdldased on the thickness of
the RTL using Equatiob4. Consider that there is about 150 nm perovskite
thickness difference indtween two following constructive interferences.
Choose the thickness of FTlsing Equatiorb6 based on its refractive index
(at o = 4ehkie Reoalculateddkiictiking into accountt. using

Equation55ifnfrti s above 2.1 (at greandpeodid 0 nm) .

values can be found by iterating EquatiBand55. It should be considered
that the optimum FTL thickness for very thin perovskite layers with the
interference order of 1 is zefbablel2andTablel3(see Appendix Dprovide

the optimum FTL and MAPI thicknesses calculated using the proposed
guideline and reported in the literature.

The optically optimum thkness of the ITQayer is about 60 nm. MAPC
redu@s monotonously with TCO thickness as a result of the parasitic
absorption in this layer. Hence, the TCO thickness should be decided mainly
by taking the area of the solar cell into account.

Approximately 1@ nm Mgk ARC on glass can provide an additional
enhancement of 0.4 mA/&m MAPC as presented Figure32.

An RMS roughness of 15 nm does not affect the optimum thicknesses but can

result in about 0.1 mA/cfmeduction in MAPC as shown Figure32.
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Figure 31 Decision tree for the thicknesgptimizationguideline of FTL, perovskite, and RTL to achieve
maximum MAPC.
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Figure 32 Absorption spectra of a perovskite solar cell with 50 nmxN4@5 nm Perovskitend 50 nm RTL, and
with no roughness (black), 7 nm RMS roughriess) and 15 nm RB roughness (blue). Roughness slightly
reduces absorption in perovskite primarily in the UV part of the spectrum where scattering is more significant
and therefore leads tan optical path lengtincrease and parasitic absorption lossesHTL with relatively
large extinction coefficients such as Niéhd TiQ. The absorption spectrum of a perovskite solar cells with the
same thicknesses of layers having no roughness b arithick Mgk ARC onglass @reenline).
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The validity of the gidelines proposerh this work was examined experimentally in

device structures with 33 nthick NiOx as FTL, 115 nnthick ITO, 25 nmthick Cso/7

nmthick BCP as ETL and 100 nthick Ag. Therefractive index spéia of ITO, Ceo,

NiOyx, and perovskite were successively mead by spectroscopic ellipsometry

following the fabrication sequence. The measured spectra are giviguie110-114
(seeAppendix B). The refractive indx of BCP wee acquired fom literature for
simplicity.®” Co-evaporation method was used to precisely control the thickness of the
perovskite’®%8 The crosssectional SEM images of the fabricated devicesshosvn

in the inset ofFigure 33a. The interfereres in the 370 nrathick perovskite are
destructive while those in 310 nm and 460-tmek perovskitdayers are constructive

at long wavelengths based on the guideline givehigarticle. This is examined by

replc i ng A-{R% p E@uationBto calculate the total photocurrent presented in

Figure 33a. Since the complete solar cell device is used in the reflection (R)
measurements, the comparison between the simulation and experimental results are
provided based on-R(a- )Figure 33b manifests the experimentally measured (. &)

spectra for the mentioned thicknesses of perovskite.dlreye s i mi | ar i n t he r &
=300550 nm and diverge in t®8@nmaspreserftedr ence r e
in Figure 33b. Constructive and destiive interferences for the optimum and non

optimum thicknesses are prominent as predicted. For example, leR¢r&) v al ues
are obtained irthe case of the device with 370 +imck perovskite. In total, the

calculated MAPC and nasured iR ( &) v ar gooe agreantemt fon thdrasen
thicknesses of perovskite accordingHigure 33. Similady, measurd and simulatd
reflectionspectra for 310 and 460 rthick perovskitenodels are presentedHgure

34.
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Figure 33 (a) Available photocurrent (in wavelengths between 3%@ 800 nm) calculated using Equation 1
where A is replaced by-R as a function of perovskite thicknesses for a perovskite solar cell with 115 nm ITO
33 nm NiQ, 25nm G, 7 nm BCP and 100 nm AQrange circles, extracted fromréflection measurements,
are the total available photocurrent of fabricated solar cells with perovskite thicknesses of 310, 370 and 460 nm.
(b) Measured dReflection spectréor perovskite siar cells with thicknesses of 81370 and 460 nm, and
measured and simulated reflectigmestrum for the perovskite solar cell with a thickness of 37Q¢)r@ross
section SEM images of fabricated solar cells.
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Figure 34 Measured and simulated reflection spegh for the perovskite solar cells with thicknesses ofr80
and 460 nm.

MAPC, and reflection and parasitic absorption losses are summarizgégune 35a

for the cases of A) neaptimum thicknesses of perdie, FTL and ITO, (B)
optimum thicknesses of perovskite and FTL bt non-optimum thickness of ITO
and C) optimum perovskite, FTL and ITticknesses are used. Additionaligure
35b demonstrates the layer thicknesses establishing the perovskite solar ko
A, B and C and for the thré€TL materials. To guarantee that no light is transmitted,
the Ag layer thicknss is set as 100 nm. Also, an RTL thickness of 5@srassumed.

It is possible to attain a 1.8 mA/émigher MAPC by reducing the PEDOT:P&6d
perovskite thicknesses from 85 mor25 nm and from 520 nm to 455 nm, respectively,
which in turn lower the reflection and parasitic absorption losses. Alsoetbegkite
solar cell can possess an additional MCASf 0.62 mA/cm with the utilization ¢ a
thinner ITO (60 nm vs. 210 nm) wdh in turn further reduces the reflection and
parasitic losses. Likewise, it is possible to boost MAPC by 1.85 nfgmeducing
the TiQ; and perovskite thicknesses from 90 nn2@nm and from 585 nm to 445
nm, respetively, and using the optimum ITOigkness of 60 nm. Lastly, the MAPC
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is enhanced by 1.07 mA/étny reducing the perovskite thickness from 520 nm to 445
nm and incrasing NiQ thickness from 10 nm to 50 nm togetheth the utilization

of the optimum ITChickness.

_— Front TL Rear TL Perovskite ITO Reflection Front TL Rear TL  Perovskite ITO Ag
e ] 1 (=) (| N 1 =) 1
§ PEDOT:PSS TiO, NiO, PEDOT:PSS TiO, NiO,
£ —
P g0 [] —
& — 800 ) 1
7] - =
g IR — | — 1=
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O c 400+ H H H H H o0
q S 300
S 20 H H H  H H H
= [ — [ | I
& 100
A B C A B C A B C
a b

Figure 35 MAPC, and reflection and parasitic absorption losses are given in ndAaits for perovskite solar

cells utilizing PEDOT:PSS, Ni@nd TiG as FTL (a) and correspomt layer thicknesses are given(ln). A
denotes the neoptimum perovske, FTL and ITGQhicknesses, B denotes the optimum perovskite and FTL

thicknesses but neoptimum ITO thickness and C denotes the optimum perovskite, FTL and ITO thicknesses.

The proposed guideline for MAPI type peskites can be extended to other widely
used perovskites with various halide and cation combinatiBgsation 54 and

Equation55 can bere-written as

o} _ Tce a g rE o}

g € Equation57
€ _TE G ong !’0 ng !’o : :

¢ ¢

w h e 1 is slightly below the absorption onset wavelength of perovskitey is the

fitted offset thickness, adxs is the refractive idex of perovskiteand e is the
refracti ve ionahe mnsiidi theFtrarsitioa tefragive index where
condition switdh e s bet ween C &,SN@nstion, anl¥ &idet fiOE BAriOUs f o

perovskite types are providedTiable3.
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Table3 Generalized optimum thicknesse\8X; (B=Pb), RTL and FTL prediction formula parameters.

A X3 Ambs.onset toffset S Nthreshold REf
(nm) | (nm) | (nm)
MA | 790 50 | 775 2.1 Chenet al®®
MA | 795 50 | 770 2.1 Ball et al#?
MA | 780 50 | 750 2.1 Lin et al*!
MA | 790 50 | 770 2.1 L° petal®®
MA | 779 50 | 750 2.1 Zianget al’®
MA | 776 50 | 750 2.1 Jianget al’*
MA | 795 50 | 770 2.1 Ndioneet al’?
MA | 780 50 | 770 2.1 Xing et al”®
FA | 827 40 | 780 1.8 Ndioneet al’?
C.1FAo0ss I 821 40 | 780 1.8 Ndioneet al’?
Cs1#Ags3 | Broidoss 761 40 750 2.1 Manzooret al’4
Cs2FAo075 | Broodoso | 739 40 | 710 2.2 Manzooret al’*
MA Br 539 50 | 530 1.8 Ndioneet al”®
FA Br 554 50 | 530 1.8 Ndioneet al”

The accuracy oEquation57 by comparing the optimal thicknesses of perovskite
simulated by TMM simulations for various perovskite typ&sable 4) is tested.
Perovskiteand FTL thicknesses, predicted Bguation57 and computed through
TMM simulations, leading t@ maximum in MAPC are presented kigure 26 for
MAPI, Figurel119for Cs.15FAo0.ssPbk (seeAppendix Q, Figure120for FAPbk (see
AppendixC), andFigure 121 for Cs.17#Ao.sPb(Bh.170.893 (SeeAppendix C) Yet,
further experimentaverification of Equation57 is still required for perovskites other

than MAPI as the verification is only done for MAPI in this chapter.

Table4 Accuracy omparison of generalizefiquation57 for various perovskites (i.e.BXsz, B=Pb) for various
FTL thicknesses for the interference order affdwor is calculatel by averaging the differences between the
optimal perovskite thicknesses found udtiggiation57 and calculated through TMM simulations over various
FTL thicknesses. The thickness difference can be sé&éguire 26 for MAPI, Figure 121 for
Co.17Ao.8Pb(Bro.170.83)3, Figure 119for C.15FA0.83Pb(Bro.170.83)3, andFigure 120for FAPbIs.

Pérror(NmM)
A X3 NETL<Nthreshold | NETL=Nthreshold | NETL>Nthreshold Ref.
MA | 5.23 10.81 5.07 Chenet al%
FA | 18.64 19.65 4.39 Ndioneet al.”?
MA Br 9.78 10.18 10.45 Ndioneet al?
FA Br 8.89 1043 22.57 Ndioneet al?
Cs.1FAo0s3 | Broidoss 4.84 16.32 8.99 Manzooret al’*
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3.2. Organic Solar Cells: A CaseStudy PTB7:PCBM Absorbers

In this part the twaostep analysis methadwhich is previously discussed in the
perovskite solar cell chapter, is extended for organic solar cells. For a case study, an
organic solar cell comprised of O coated glass as supersty®&DOT:PSS as the
FTL, PTB7:PCBM (:1.5) as the absorber layer, LiF as the electron blocking layer in
place of the RTL inFigure 9, and Al as the metal electrode is investigated. As
previously discussd,strong absorbebased solacells benefit more from interference
driven MAPC enhancemenin the thinfilm structures. Typically, the absorption
mechanism in organics solar cells funciaimilady to directband absorption.
Instead of a band structymmolecular orbitals of the &ige material are responsible

for the generation of the energy level differemdech yields photovoltagén organic
solarcells, light absorption generates a strongly bound eleédtaa pair, which is
calledan exciton.Oneof the main challenges for alge collection is the separation

of strong excitonic pairs which makes the thickness of the active layer constrained in
conjunction with fabrication limitations. Hencegreviously proposed optical
optimization guidelines arapgdied to organic solar celld'he optical effect of the

individual layersof cell structurearediscussed in detail.

As a first step of the twetep analysis metho®JAPC with varying the refractive
index and thickness tfie FTL atop the seminfinite PTB7:PCBM layeis presented
in Figure 36. ITO is used with a 70 nm thickness in coherence \iptical
optimization ofperovskite solar cedl The dvision of MAPC results into three distinct
regions wih different behaviors iglso valid for the PTB7:PCBM absorber High
MAPC zones for the thin FTL regicareprominent. In the second regiomhere the
high MAPCs arebtainedrrespective of FTL thickness, it is found thlaé optimum

windowrange is 1.8.3.
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Figure 36 MAPC as a function of the refractive index and thickness of the front transport layer. PTB7:PCBM is
used with a thickness of 400 em and no RTL and met

The singlepass absorption spectra of PTB7:PCBM itsrvarious thicknesseare
shownin Figure37. It can be seen thatcident photons are almost fully absorbed up
to 700 nm wavelength for an absorber thickness of 700 hesinglepass absorption
decreases considerably with decreasing thicknesswvhich leads to pronounced
interferencesSinee the device parameter§.e. recombinatiorand carrier lifetimg
constraints the thickness of PTB7:PCH, the interference iscrucial for a
PTB7:PCBM layer thinner than 500 nm.
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Figure 37 SinglePass absorption spectra offB7:P(M for various thicknesses.

MAPC as a function of ITO andTB7:PCBMthicknessesre presented iRigure38.

Al and LiF layers are used with 150 and 5 nm thicknesses, respectivedy.
PEDOT:PSS layer is omitted to isolate the interdependency of ITOBRdPCBM.
Notably, 90, 240, 400, 600 and 780n thicknesses dPTB7:PCBM present local
maxima which are not changing with ITO thicknesseswo thicknesses of
PTB7:PCBM, 90 and 240 nm, are selected due to practical thickness limitations. When
PTB7:PCBMis usedwith a 90 nm tickness, the optimum ITOhicknesss 130 nm.

When it is used with a 240 nm thickngaa additionalocal maxinum of MAPC is
obtained at the 40 rutiick ITO. Optimum ITO thicknessesan beexplainedwith the
following the consecutive QWOTalues of ITO.
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Figure 38 MAPC as dunction of ITO and the active layer thicknesses
The normalized MAPC as a function of ITO and PEDOT:PSS thicknesses for
PTB7:PCBM with 90 nm (a), 240 nm (b), 400 nm (c) and sefimite (L 00 e m) ( d)
thicknesses arehswn in Figure 39. Except for the 90 nfthick PTB7:PCBM
optimum ITO and PEDOT:PSS thicknesses are 400amm, respectivelyWwhen a 90
nm-thick PTB7:PCBM is used high MAPCs are found in a broader ITO and
PEDOT:PSS thickness ramgWhile the maximm MAPC is obtained witd30 nm-
thick ITO and 20 nrthick PEDOTPSS Optimum thickness pairs present a decline
towards the yaxis which indicates that optimum ITO thickness changes with
increasing the PEDOT:PSS layer thicknescan beattributed to thei similar
refractive indices in longer wavelengths of the spawotof interes{Figure116, see

Appendix B)

74



ITO Thickness (nm) ITO Thickness (nm)

100 200 300 400 100 200 300 400
— 100 ' 100 =
€ €
= &
2 80 ) PTB7:PCBM 240 nm [:]VN
2 60 60 2
= =
B 40 40 @
Q- Q.
o o
O 20 20 5
w w
o o
—~ 1007 100 ~
¢ 80 [€) PTB7:PCBM 400 nm (€) PTB7:PCBM semi-infinite (UM
2 60 60 2
= =
A 40 40 3
Q- Q.
o o
2 20 20
w w
a a

100 200 300 400 100 200 300 400

ITO Thickness (nm) ITO Thickness (nm)

Normalized MAPC (mA/cm?)
Low High

Figure 39 Normalized MAPC as a function of ITadd PEDOT:PSS thicknesses for 90 nm, 240 nm, 400 nm, and
100 & m PT Byérthrkhé&ssés. |

MAPC as a function of the PEDOT:PSS layer thickness is presenkégire40 for
variousPTB7:PCBM andTO thicknesscombinations Thickness pairare selected
from thelocal maxima regions dfigure38. The optimum PEDOT:PSS thicless is
found as thin as possiblfor the 240 nmthick PTB7:PCBM For the 90 nmthick
PTB7:PCBM optimum PEDOT:PSS thickness is found approximately as 20 nm.
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Figure 40 MAPC as a function of PEDOT:PSS thickness for various aletjse and ITO combinations

MAPC as a function of the ITO thickneks 90 nmthick PTB7:PCBM is presented
in Figure41. The PEDOT:PSS layer thickness is fixed to 20 tersimplify the
optimization problen. Considering theoptical losses, ancelectrical transport
properties a selecton of the ITO thicknesswithin the 200300 nm angeis not
favorable (highlighted red). Instead, the 42D nm thickness range is optically more
advantageous (@hlighted gren). The local maximum of MAPC is obtained with a
100 nmthick ITO. To lower the sheetsistace, ITO layerthicknesseither can be

increased up to 200 nm or it can be seled@@nmor larger.
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Figure41 MAPC & a functia of ITO thickness for a 90 nthick active layer. Recommendegider) and non
recommended ggons ¢ed) are highlighted

MAPC as a function of the ITO layer thickness the 240 nrthick PTB7:PCBM

and 20 nrihick PEDOT:PSS layers ademonstragdin Figure42. Similar toFigure

41, favarable and unfavorable ITO thicknesses are shaded with green and red regions,
respectively. ITO thicknesses up to 50 nm are recommended for supgtiical
transparency and aneflective behavior. Besides, ITO thicknesses larger than 130
nm can be seleetl to povide better electrical transport without having a considerable

transparency penalty.
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Figure 42 MAPC as a fun@bn of ITO thickness for a 240 ntiick active layer. Recommendepiger) and non
recommended regionse() are highlighted

The absorption spectra of the optimized structaresshown irFigure43. The effect
of the ARC layer is also demonstrated. A 90ttmck MgF is used as the ARC laye
The structure with240 nmthick PTB7:PCBMdemonstrates a superior absampt
throughout thespe¢rum of interest. MAPC is computed as 17.3 mAdor the 90
nm-thick PTB7:PCBMand the ARC utilizatiomoosts ito 17.8 mA/cr. For the240

nm-thick PTB7:FCBM, MAPCs arefound as 20.1 mA/chandas20.7 mA/cnt with

ARC.
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Figure 43 Absorption spectra of optimized structures for active layers 90 and 240 nm with and WithdRC
layer. ITO and PEDOT:PSS are used as 130 and 20 nm.

Optimized structures with various thickness combinations of ITO and APKEBVI

are compared ih reference structuresThe ticknesss of the reference (A),
optimizedwith thin ITO (B), andthick ITO (C)structures are presentedrigure44.
Corresponding MAPC andptical lossesare presenteth Figure45. The reference
strucures are taken fom the simulation study of Singh et la which have the
PTB7:PCBMlayer thicknesses of 135 and 300 nm, and ITO and PEDOT:PSS layers
are used as 180 and A, respectively®> MAPC increases bg.25 mA/cnt for the

90 nmthick PTB7:PCBM with a 100 nrthick ITO andit is 1.71 mA/cnm? with 300
nmthick ITO compared to the thirefererce structure (135 nmyVhen an ARC layer
atop the glass superstrate is utilized, MARGeases bp.77 and 2.7 mA/cn? with

100 and300 nm ITO layers, respectivelzompared to théhick refereme structure
(300 nm), MAPC improvements in the optiraid stuctures are 1.69 and 1.47 mAfkm

for 40 and 130 nm thick ITO layers, respectively. When the ARC is employed, MAPC
improvements are computed as 2.32 and 2.09 mAfon®#0 and 130 nm thick ITO
layers, respectivgl
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Figure 44 Thickness values of the reference, @timizedusing optically best IT@B) and optimizedising
optically favorable ITO with low sheet resistarsteictures for the thin and thick active layer caalesg with
ARC coated.
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Figure 45 MAPCs and losses of the referen@), optimizedvith the optically best IT@) and optimizedvith
optically favorable and low sheet resistance lafgerthe thin and thick active layer casedadong with the
ARC coated structures

3.3. Anti-Reflective Trends of Window Layers in CdTe SolaCells

CdTe is among the most suitable solar materials for the utilization of the provided

light management approach. Thickness selection is constrained refabticdtion
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limitations, hence they are typlbautilized with a thickness range of 6%0¢ nf®

Large absorption coefficient of CdTe in conjunction with the utilized thicknesses yield
to singlepass dominant absdmpns. Therefore, the anteflective behavior of the
window layers is of great importandégure46 presents MAPC as a function of the
refractive index and thickness of the FTL. CdTased asemtinfinite in Figure46a

and it has a HRguredBb. ITOis askdnas $0snm ifon both CdTe

t hi c knes s e ghick Gdder mnt-thick M&gisvemployedas RTL, and 150
nmtthick Ag is utilized as the metahyer. MAPC trends are not changing with the
CdTe thickness as expected while the MAPC decreases only 2 percent in cells with 3

mm in thickness.
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Figure 46 MAPC as a functio of refractive index and thickness of FTL for (a) sgthii ni t e, -thickd ( b) 3 ¢
CdTe layers. ITO is used as 70 nm, 5think MoQis used as RTL and Ag thickness is 150 nm.

MAPC trends can be explained with three distiregfions gnilar to the peroskite

and organics solar cells, as shownFigure 11 and Figure 36, respectively. ktjh

MAPC zones forefractive index insensitive thin FTL region are faita 020 nm

region. Optimum refractive dex window is found as-2.9 which is a higheindex

range compared to the perovskite solar cell results and can be attributed to the higher
refractive index of CdTeRigure116, ses Appendix B). A more detailed analysis of
CdTe based sat cells is provided in Chapter 5.

3.4. Investigation of the Optoelectronic Effects of TCO Layers

In the previous ection a generalized guideline for the optimization of individual
layers in perovske solar cells is presentddeeChapter 3.1). ITO thicknessis
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chosen within practical limits to fulfill the criteria for low sheet resistance. It is
presented that IT@hicknesspresents solely parasitic behavior for thickness larger
than 5660 nm rangeYet, there is still room for improvement for ITO thigdgs

optimizationtakingboth optical and electricabnstraints into account

In this subchaptetthe optimum thikness ofthe ITO layer is discussed in terms of
optical absorption and series reaiste. The optoelectronic effects of the TCO layer
are inwstigated for an exemplary perovskite solar cell structure formed from
glass/ITO/NiQ/perovskite/PCBM/Ag layers. lang with ITO, the effect of the

different TCOmaterialsare also discussed.

It shoub also be noted that the typically electric transporfoperance of the transport
layers, PCBM and NiQ improves with decreasing layer thicknegbus, NiGQ and
PCBM layers are dected with thicknesses of 5 and 30 nm respectively and the
perovskite layeis fixed at 465 nm which is the optimum value for t8-800 nm
thicknessange.The Ag layer is used as 100 nm. Selecting a thinyNager helps to
remove the effeatf the interdependency between N#&hd ITO layers and keeps the
focus of the invesgation exclusively on the ITO layer thicknefisis impartant to
recall that we showed iRigure 11 that there is a negligible optical difference in the
absorption spectra of perovskite with very thin front transportréaj@ different

materials.

MAPC as a function of ITO thimess is demustrated inFigure47 for thedescribed
structure. The highest MAPC rcdeachievedwith an ITO thickness around 50 rim
corresponds to the QWOT for the 4800 nm wavelength rangeas discussetbr
perovskite solar ck (seeChapter 3.1). The obained optimum thickness range is
based on the integrated effect of refraetindex speca of the materials, parasitic
absorption within the ITO layer, and AM1.5G flux. The refractive index spectrum of
ITO has a gradual dening trend towards the long&ravelengths in the interested

spectrum Figure116, see Appendix B Thus, the refractive index contrast between
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glass and ITO layer reducaslonger wavelengthsneaning thathe AR performance

of ITO is more pronouncedt shortewavelengths.

MAPC reduces with icreasing the ITO thickness due to parasitic absorptitich
hinders the effect ofinterference. The improvements in MAPGexploiting
interference are more dominant inhie 050 nm ITO thickness region, while the
parasitic absorption in the ITO layer isaker. In the ITO thickness region of-200
nm, ITO does not behave as an AR layer result of having HWOT while parasitic
absorption is pronounced mokgence,low MAPCs are computedn the mentioned
region. The parasitic absorption losses are smeared whén ITO thickness
approaching 150 nreince it is a consecutive QWOT vallMdAPC benefits from
interferencedriven AR behavior whickhance$loss causetly the parasiticlasorption

in 150250 nm range, thus a flat region is computed isttiickness rangeBeyond
this value, the parasitic absorption dominatsd oscillationsin MAPC due to

interference are overshadowed.
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Figure 47 MAPC forvarious ITO thicknesse$he dashed lines indicated ITO thicknesses of 50, 150, &d 25
nm,used in electrical and optical optimizations.

The ITO layer can act as@LARC in perovskite solar cells regarding its favorable
refractive index profileand utilzation of a thin FTL which is practically invisible to
incident light In this sensehe optimum ITO thickness values can be described with
odd multiples of QW optical tbknesses for the wavelength with the highest photon
flux. ITO thicknesses correspand to these AR behaviors for the interested spectrum
are presented ifrigure 48a. It demonstrates cosponding QW and HW optical
thicknesses as a function of the refractive index of ITO and the wavelength of the
incident light. The intersections in the vertidimles correspond to the consevat
interferences for the same wavelength, while the intersectib the horizontal line
present intermittent QW and HW behaviors at different wavelengths at that thickness.
For instance, the horizontal dotted line at 250 of ITO thickness intersectsrée

QW lines at wavelengths of 310, 4G@Ghd 600 nm which resgltin relatively lower

reflections, and three HW lines at wavelengths of 359, 480 and 800 nm that present
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relatively higher reflections for these wavelength&elaise, the vertical dashed line
at 400 nm wavelength intersects four different ITO thickne&€g$50, 250and 350

nm, corresponding to AR behavior.

A 50 nmthick ITO layer demonstrates a superior and broadband AR behavior for a
wavelength range of 30 525 nm. This is well descriéy the black line AR line

in Figure 48a which corresponds to the first interégice order. The low steepness
observed for the first interference line enables AR behaviabroad spectrum. The
reflection spectrum of the optimidsolar cell stack with selected ITO thicknesses are
preseted inFigure48b. The broadband ARehavior of the 50 nfthick ITO layer is
demonstrated. The ITO layer with 250 nm thickness presents the AR behavior for 320,
400 and 600 nm wavelengths as predicteBigure48a. Similarly, The ITO with 150

nm thickness, demonstrates AR behavior for 400 nm but has a higher refleé@n in
nm waelength. The constructive interference of the reflection by the 15thickn

ITO layer causes relatively a higher reflection at 600 wavelength since it is
adjacent to the hallvave optical thickness for the same wavelength. Computation
results presentd in Figure48b-d, are ingood agreement with singlayer AR criteria

as demonstrated iRigure 48a. The reflection spectraof models withthree ITO
thicknessesre shown inFigure 48b-d. The interference within the ITO layer gets
pronounced as its thickness increases which sdawdn oscillatory absption profile

in Figure48c and, especially, ifrigure48d. This undulation is the result of having
more frequeninterference order, thus more destructive and constructive interferences
can be supported by thicker layers. A superior AR performaitbeés0 nmthick ITO

is obtained throughll spectrum except for a very limited wavelength range; G¥

nm. The AR behaor of 250 nmthick ITO at 600 nm wavelength is prominent.
Therefore, when the absorption is considered along with AM 1.5G photorbdtlx,
cases demonstrate very close MAR&ues even though their ITO thicknesses are

significantly different.
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Moreover, the sheet resistance of the ITO laepends on its thickness. The optical
transparency of the ITO layer decreasesggifdwith increasing thikness of the ITO

due toparasitic absorption, while the electrical transport properties of this layer
improve with increasing thickness. Hences ttadeoff between electrical and optical
properties is investigatday combined opicatelectrical simulatias. On account of

the aforementioned requirements, three sets of ITO thicknesses are chosen
(highlighted onFigure 47) as 50 nm 150 nm,and 250 nmwith the following

characteristics to be investigated in the full stack of the solar cell:

1 VerythinITO (50 nm, an®sheet= 4 0. 5 q [/ 1)
T Common ITOthicknesg150nm, and Bee= 13 .5 q /1)
T ThickerITO (250 nm, and Ree= 8. 1 q /1)

whereRheett S t he resistivity (}) per thicknes
ITO layer isadoptedfrom the literaturé! Note that various combinations of the
abovementioned thicknesses 150 nmand 250 nmare commonly used in the

literature’8'82

Reflection and parasitic absorption losses, in terms of the photocurrent, andiabsorp
in perovskite, calculated in terms of MAPIGr models wittselecte ITO thicknesses
are given inTable5. The highest MAPC can be achiewsith a 50 nmthick ITO
which yields the lowest reflection and parasitic absorpilitse. ability of the 250 nm
thick ITO layer to sustaimultiple QWOTsleadsto a lower reflection @ampared to
the structure with a 150 nthick ITO despite having parasitic algption penalf.
Hence,150 nmand 250 nmthick structureshave very comparable MAPC values

while their sheet resistances differ significantly.
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Table5 Reflection, parasitic losses in ITO, Ni®CBM and Ag layers and absorptidn perovski layer (in
units of mA/crf) with threelTO thicknesses

ITO Thickness (nm)

50 150 250
mA/cm2

Reflection 2.83 3.37 3.08
Parasitic absorption in ITO 0.24 0.70 1.07
Parasitic absorption iNiOx  0.03 0.03 0.03
Parasitic absorption iRCBM  0.06 0.06 0.06
Parasitic absorptionin Ag  0.14 0.13 0.13
MAPC 23.97 22.98 22.90

3.4.1. Electrical Smulations and SheetResistanceAnalysis

Lab and industy-scale celktructures are investigatéd determineghe optimumTO
thicknessThe labscalecell is typially a single cell, while industrgcale cells are an
array of cells connected in seri@he onediode model isisedto calculatesolar cell
efficiencieswith 50, 150, and 250 nmthick ITO layersin terms of MAPC and the

effective series rastance (R) are investigated usifig)

_ ® Y
Y

0 6 0 ¢ Equation58

whereJ is the current densitylAPC is the photogenerated current flux,is the
voltage,Jo is thedark current densityn is the ideality factor, an&sn is the shunt
resistanceRs is the effective series resistance of the device that scales with the cell
geametry® For simplicity, the effect oRsn is omitted by setting its vaduto infinity

in this analysis.For the lab-scale cells, the lateral charge spradingin ITO
considerably reduces the effeetigheet resistance, therefore the effective series
resistance. An example illustration of the-kmlalesolar cell is given ifrigure49. The
lateralspreading of the generated electr@alsodemonstratedThe effective sees
resistances of the ladrale cells are calculated elsewhere and adopted in this

analyss 8°
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Figure 49 lllustration of the photogenerated charge collection in atige perovskite solar cell withe current
spreading phenomenon.

The 3V curves are computed for ITicknesses of 50,50, and 250 nm, and cell
areas ofLx1, 4x4, 7x7 and 10x10 mrh Resistity, J, is taken as 2.025x¥@ . ¢'m
while Jo and n are assumed to be 2.8x#0mA/cn? and 1.5, respgively.8® The
efficiency of solar cellsvith various ITO thicknesses and cell areaghiswn inFigure
50. The 50 nmthick ITO layer leadsa superior optoelectronic perfornee overthe
thicker ITO layerdor cell areas smaller than 5x5 rAn®n increasing the cell area
from 1x1 to 10x10 mrf the efficiencyof the structure with 50 nsthick ITO, drops
about 3.5 % from itsnitial value, but the loss is mere, With the ones vwh 150 nm
and 250 nm thicknesse&ven though the cell with a 256nrthick ITO layerhas
consideral® higher parasitic absorption, its efficienaytperforms thene with a 150

nm-thick ITO layer wherthesolar cell area excee8%5 mny.

89



22 T T T I

21} .
20| .
19k .
] I
— 18 — .
17 + =
I ITO thickness (nm):
16 F == 50 _
I 150
15 | +250 n
1x1 4x4 X7 10x10

Cell Area (mm?)

Figure 50 Variation of labtype solar cell efficiency as a function of the cell lengith 50, 150, and 250 nm
thick ITO layers J, n share gssurRed to have values of 2.8X10A/a?, 1.5, 2.025x10q . ¢amd infinity,
respectively.

3.4.1.1.Industry-ScalePerovskite Solar Cells

The scheme of an example indussgalesolar cell design is presentedrigure51.
Cells can have any widlengthratio, while theeffective seriesresistance is solely
defined ly the metal finger openings

” ’L‘) .
Ye —— Equation59
(ole)

where} represents the resistivity ahid the thickness of ITO, ardis themetal finger

openingin the solar cell, respectivel§ince there is no lateral spreading in industry

scale star cells, typically their effective sies resistances are larger. Thetahfingers

cause shadowing at the active area which in turn decreases the overall performance.

In this study,h e met al finger width is assumed as
1.25%, 0.7%, and 0.5% absolute perfornamicops for 1, 4, 7, and 10 nfmger
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openings result of the shadowing, respectively. The efficiency results with and without
including these shadowing losses are also proviolgive a theoretical limit

Figure 51 Scheme®f the industrial type module desigrthvmetal grid network atop the ITO layer.

The efficiency of the designed perovskite solar cell as a function of the metal finger
openingfor the industryscaledesignis shownin Figure 52. ITO with a 50 nm
thicknesss a better alterative for opening values up to 4 mm. Below this value of
metal finger opening cells with 150 nmand 250 nm thick ITO layergperform
identical, howeverthe 250 nrhick ITO becomes a more preferable withrther
increasing the fingerpening value.
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Figure 52 Efficiencyof theindustry-scalesolar cell as a function of the metal finger openivith 50, 150, and
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infinity, respectivelyResults are presented with (solid) and without (dot) the effect of metal finger shadowing.

3.5. Conclusions

An optical design guideline for the thiokss optimiation of perovskite sotacells by
systematically investigating the contrtlmns of layers to the antireflection and light
trapping performance is provided. An optimumrnrange (i.e. 1.8 <@L < 2.8)
providing superior ARC efficiency is idéfied. Additionally, the interferaces
appearing at long wavelengths can be enginderdp the light within the perovskite
layer are demonstrated by controlling thicknesses of FTL, perovskite, and RTL or
those of perovskite and RTL ifrf is larger @ smaller han 2.1. In a guideline
framework, the set of equations to determine themaph thicknesses of FTL,
perovskite, and RTL of a perovskite solar cell to achieve the maxima in MAPC within
an error less than 1% for the giverrnand mkrL and approknate thickess of
perovskite areqvided.Additionally, it is demonstrated that thremds in MAPC with

perovskite layer thicknesses are independent of the commonly used TCO materials.
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The perovskite guideline, experimentallglidated for MAPI, is genatized, to
commonlyused perovskite such as FAPI, MAPBr, and §€sFAo.sPb(Bib.110.:)3.

The proposed framework is applicable to other strong absoshgrslifect bandgap
material3 based devices such as Cadmium Telluride (CdTe), Copper Indium Gallium
Sulfide (CIGS), and Copper ZincABulfide (CZTS).

The thickness of ITO plays a kegle in constructive interference and the resultant
absorption oscillatory patterns. The optical optimization in this study was shown
particularly useful to bypass botptacal and electrical constraints the case of large
area/scale perovskite solar sellThe results were shown viable regardless of the

perovskite processing conditions and the employed TCO.

Manufacturing PSCs with longer than 1 cm cell lengths can geoease of
fabrication. In particudr, large solar cell modules would benefit from lpgscessing

stages such as masking and TCO scribing steps. Besides, larger active area solar cells
can be realized without power loss due to the cell length. TherafofEQ layer with

250 nm thicknessan bea more industrially favorethicknesgshan50and150 nm

When an FTL material with distinct refractive index profile such PEDOT:PSS is used
instead of NiQ, MAPC differs as much as 0.1BA/cn?. Therefore, optoetironic
discussions are presentedhnan FTL material independent perspective.

For the organic solar cell investigations, it is shown that since the refractive index
profile is ordered as higlow-high for a structure of IT®’PEDOT:PSSPTB7:PCBM,

the PEDQ:PSS layer should be as thin assble for thick PTB7:PCBM layers. An
alternative tothat, replacing PEDOT:PSS with a higher refractive index FTL for
thicker PTB7:PCBM layers can be considered. Due to electrical properties, i.e.
recombination, carrierfetime, the fabricated thicknessRTB7:PCBM is limited. As

a result, interference bemes important for thicknesses smaller than 700 nm. For
instance, 37% of incident light reaches the rear metal cathode for a 120 nm thick
PTB7:PCBM, while this numbes 1% for a 625 nnrthick PTB7:PCBM.To sum, the

interference is important for a PTB7:PMBayer thinner than 650 nm, there is room
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for optimization of the refractive index order, PTB7:PCBM, HTL and TCO thickness

optimization can be done.
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CHAPTER 4

AEROGEL REAR REFLECTORS

Silicon solar technology has the largest share among the industriatskdarAfter

the first introduction in 1954they stlil attract researchers regarding tiact that they

have a mature technology, robusttslities, the broad availability of the fabrication
infrastructure, and outstanding efficiencieBurrently, one of the solutions to reduce

the fabrication cost of silicon solar cells is reducing the amount of silicon by using
thinner wafers. However,educing the silicon wafer thickness yields two major
chdlenges: (i) optical absorption redes, and (ii) parasitic absorption in the metal
layer increases. The former one typically addressed with surface texturing at both sides
of the cell structures. Hasver, rear side surface texturing can also yield more
pronounced metal parasitic absorpgso@onsideringthis, both challenges shioube
addressed concurrently. Utilizing a rear reflector layer between textured silicon
surface and the metal layer can simultaneously improve parasitic absorption while
enabling the utilization of surfactexturing. To optimizé¢he rear reflector layerhé
internal reflections at the interfaces should be quantized, especially, more pronounced

metal absorptions with decreasing the wafer thickness.

The screefprinted Al metal layer is widely utilized in #1PV industry with its ese
of fabrication and lowcost. Considering its large surface roughness and the large
extinction coefficient of Al, its parasitic absorption, especially for wavelengths longer
than 900 nm is sigficantly pronounced. This calls féhe requirement of a Hidy

reflective rear reflectr layer.

Combinations of SiNand SiQ are typically utilized as the rear reflector layer. Both
materials are widely used in silicon solar cell technologies regareing la silicon

compound and their uafti-functions in the salr cells such as passivatidSiQ with
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its ~1.4 refractive index in the near IR part of the spectrum provides an index contrast
at the silicoametal interface and increases the overall reflectitowever, the index
contrast stillis not enough to effeately confine light within he silicon substrate.
Alternative solutions such as distributed Bragg reflectors are utilized as rear reflector
layers to increase overall reflectidhHowever, regarding their complex fabrication
processes, costs and additional losses introduced at the interfaces limit their usage as
a rear reflector.Silicon nanoparticles are one dfiet promising approache®rf
minimizing the parasitiabsorption regarding their low refractive index result of high
porosity. Boccardet al. showed that further decreasing the refractive index can
improve overall reflectin in their theoretical studi?.However, experimatal results
presented reduced reflections by further increasing the porosity of the rear reflector
layer contradicting the theoretical study which is attributed toinbeeased metal
surface roughness it the interdifision of evaporated metal. Yet, dshble
simulation algorithms are not capable of modeling this pronounced metal absorption.

Absorption takes place in various locations in a solar cell sutheaabsorer, and

metal, transport, transpate conductive eletrode layers parasitic absorptions
Absorption in the absorber layer can be band to band as well as via free carriers.
Regardless of the mechanisime absorption in the active regions mainly depends on
their absorption coefficient andeloptical path othe incident light. The optical ga

is related to the angle of incidence (AOI), the refractive index of the medium, the
thickness of the layeand light trapping feature$he absorption coefficient sflicon
reduces gradually with walength In other words, absorptionrigth increases with
wavelength.Thus, the light travels further within the substrate before being fully
attenuatectlonger wavelengthepending on the thickness bgtsilicon absorber,
absorption carbe classified ito two distinct regimesthe strongabsorption and
interference.The strong absorption regime is described for the wavelength range
where absorber has 8%Inthidrégim&moeeshan90.233%gfer t han
the incidentphotons(possessing wavelengths of 3840 nm for a thickness of 200

€ mare dsorbed before reaching the rear electrode. Within this regime, the main
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optical loss mechanism is reflection. In timerferenceregime, the incident light
makes multiple internal reflections that call for employing kghpping schemes to
maximizethese internal reflections. Within the light trapping framework, there exist
several improvement approaches such assesterers, rear reflectors, and textured
interfaces. Among them, the rear reflector can not only méigeae metal parasitic
absorptionbut also improve the ligitapping with increased reflections and yet

passivate the silicon surface.

Photonswith a wavelength of 1200 nm are used as an indication of parasitic loss at
the rear metal since silicon bando@and absorption is zero and fieaarier absorption

is minimum at this wavelengtlt is presented that it is possible to obtaiwer 95%
reflections at 1200 nm wavelength with silicnanoporous materials when they are
used as the rear refi@r layer$® however gxperimentally obtained reflections do not
follow this suggestion which is attribed to the pronounced parasitic loss at the rear

metal

In this chapter, after quantizing the loss mechanismplanar and doubiside
textured dicon layers, the usage of an optimal rear reflector is evaluated based on its
refractive index and the adjacemtetallization schemes. For this purpossilica
aerogel as a rear reflector is proposed. Thecetievariousmetals(i.e. Al and Ag)

and deposition techniques (i.screen printing and thermal evaporajioare
investigated. The investigated structure consists ofrafiéictive coating (ARC)¢-

Si, rear reflector (RR)and metglas shown irFigure 53. SiNk is among the most
widely used ARCs and RRaterials. In ths8 chapter, the performance of Sidé RR

is taken as a benchmarReflection at the 1200 nm wavelength is used as a
performance monitor and it is denoted as the rear reflection in this chidpeffecs

of metal layer roughness and @gel surface plameation are discussed in detail. This
approach confers wagutsto mitigate metal parasitic absorptjamhich leads taa
bandto-band silicon IR absorptioA hybrid approach based on the comliom of
wave and ray optics is developenl ¢compute electroagnetic interactions in the

silicon solar cell stack used herein.
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4.1. Results and Discussions

Structures with planar, frorside texturedand doubleside textured silicon substrates
investigated in this analysis are presenteBigure53. Silicon pyramid texires are
used to have a face angle5@.7 degrees regarding <111> esthp. A 75 nrrthick
antireflective coating (ARC), Sii is assumed to be conformatlgposited atop the

front surface.

Double Side Polished Double Side Textured
SiN,

c-Si

Rear Reflector
Metal

Figure 53 lllustrations ofdoubke-side polished and textured structusesd used in this investigation.

The absorption coefficient of silicoffrigure 54a) has a gradually decreasing trend
towards longer wavelengths which in turn increases the absorptidh (attgnuation
length).Figure54b shows the singipass absorbance of 510,180, and20 0 m-¢

thick silicon substrateg.he threshold wavelengths where strong absorption changes

to interference regime are computed as 806, 831, and 940 nm for 50, 120, 180,
and 200 em sil i c.dhemiralgsemeshanism forspposshstte v e | y
than this threshold valus reflection since they cannot reach the rear interflice

180 em silicon | ayferthe ressofthis chdpterdue tbcammont hi s st u
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utilization in the silicon industryConsidering photons with wavelengthader than
931 nm, the internal reflections gain importance. In particular, the metal interface is
of great importance regardirige large extinction coefficienbf metal Figure 117,

seeAppendix B).
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Figure 54 Absorption coefficient of silicon (a). Singbass absorption spectra of 5120,180, and20 0 -thick
silicon (b).

Theintegratedmetal absorptiosifor various correlation lengths and RMS values are
shown inFigure55 to demonstrate the effect of the metal layer absorption. Surface
morphologies are swept for; (i) RMS values of 25, 50, 468 200 nm which depicts
vertical vaiations, (ii) corelation lengths of 25, 5@nd 100 nm, which characterizes
the horizontal variations on the megalrface Simulation models are illustrated in
Figure56. The integratedhetal absorption adplanarAg surface icomputed as 0.05

The medium of incidereistakenas silcon and it is assumext anormal ircidence.
Sincethe majority of thgghons with wavelengths shorter than 950 nm cannot reach
t he met al | athjck silicon layerdrigute84b), absmrption is calculated
for a wavelength range of 98200 nm. It is noticeable that thenlerthe correlation
length, the higher the metal absorption. This tiendore pominent for RMS walues
above 10 nm. When the metal surface has an RMS value of 10 nm, roughness is almost
invisible to the incident lightat the computed spectrum
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Figure 55 Normalized metal absorption spectra f@rious ®rrelation length andRMS values of the metal
surface roughness

Smoothest 10nm RMS and 100nm correlation length il Correlation length spanned between25nm to 100nm

Roughest 200nm RMS and 100nm correlation length Roughest 200nm RMS and 25nm correlation length

Figure 56 lllustration of metal surfaces with various roughness types.

Aerogel has a highorosity which decreases isfectiverefractive indexThe low
index enable higher contrasttahe silicorRR interfacewhich in turn increases the

reflection. The spectroscopic ellipsometry measurement and fitted data of the
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fabricated aerogel, Sioand SiN layers on polished silicon substrates are pitesken
in Figure 89-91 (Appendix A). The spectral dispersion of the indices is lomw,
particular, they a almost constant for wavelengths longerntf#0 nm.Their

measured extinction coefficients aregligibly snall (Figure107-111 Appendix B)

The effect of the porosity on the aerogel layer is investigated using 3D optical
simulations. Theerogel structuregsed in the optical siulations are illustrated in
Figure57. Utilized porosity fractions are 98), 88.2, 67.2, 44.3), 30.(, and 23.D

%, which correspond to refractive indeef1.01, 1.6, 1.14, 1.3, 1.2, and 1.5,

respectively.
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Figure 57 lllustration of aepgel layers with various porosities used in 3D oftm@mputations.

The measured reflection spectra of aerogel layers with measuredivefradices of
1.10, 1.16, 1.17, and 1(QRare presented ifrigure 58a. According to 3Doptical
simulations and the effective mediwapproachthe corresponding porosity fractions
are 79.3473.07 60.35 and58.34% formeasured refractive indices 1.1016, 1.17,
and 1.20respectivelyFigure58b shows the reflection spectra of Sikanoparticles
with various porosities calculated with 3D optical simulations alesitp planar
reflection spectra calculated with the TMM method. As tlerogpity fraction
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decreases, the interaction of the incident light with the scattering medium starts to
converge to that & thinfilm regarding an increased effective refractive indegure

58c shows a comarison of the two approaches, 3D optical simulations (using many
body SiQ particles and porosity) and the Bruggeman EMA with the TMM method. It

Is evident that both approaches are in good agreethergfore, EMA cand®utilized

for the sake of simpligit in the full device calculations when the rear interface is

assumed as @har.
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Figure 58 Measured reflection spectra of fabricated aerogel layers on a planar silicon substrate (a). Reflection
spectra of aerogel layers fearious porosities using 3D optical simulation (b). Comparison of selectediporo
fractions using Bruggeman effective medium theory and 3D optical simulations.
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Simulated reflection, silicon and metal absorption spectraetibubleside polished
(DSP)silicon substrate with 120 nm Sited), and 250 nm aerogel RR laydldue),

along with no RR layer (blackare presentedn Figure59. Designsconsist of SiN

and aerogel as the RRs, and Al and Ag as the metal layers. A planar metal interface is
assumed for the calculatiarfSNx ARC and the metal electrode are taken asmb5 n

and 150 nm, respectively. Approximatel95%rearreflection is obtainedhen there

is no RR layerThe total metal parasitic absorption is around 5%. In the case of the
SiNx RR, therearreflection is98% and the metal absorption is 2%. Therefore, the
SiNxRR layer suppresses the metal absonpfT he alteration of the silicon absorption
spectrum is negligible with the SIRRR. Similar to the SINRR, the variation in the
absorption spectrum of the isibh layer is negligible for aerogel RR. The metal
parasitic absorption is suppressed to ag &3 0.6% and theearreflection is 99%.

This is attributed to the higher refractive index discrepancy in the case of aerogel. The
obtained results are in googreement with the literatur
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Figure 59 Reflectionandsilicon and metal absorption spectra of DSP silicon substrate with various RR
combinations (none, 120 nm Si&hd 250 nm aerogelpgis used as the metal electrode.
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The effect of thehickness and refractive index of the Riger on theearreflecion

at the normal incidence is presented kigure 60. The reflectance increases with
decreasing the refractive index as a result of the higher refractive ¢codéast. In
addition to thisjnterferences can cancel out the reflection at theinéarface which

in turn increases the parasitic absorption in the metal layer as can be seen in dark
regions inFigure60. The optimum thicknesses for an index of 2.5 can be documented
as 100 m which gradually increases to 250 nm for an index afliishould be noted

that these thicknesses are cated for he normal incidence and the DSP silicon

substrates, hence they follow the optical thickness of the RR layer.

R@1200 nm
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3 50 0.99

0.98
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RR Refractive Index, n
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Figure 60 Internal reflectance at the rear interface 2200 nm wavelength as a function of the RR réfrac
index and thickness.

A widespread way to reduce reflection losses and enhance the absorption is to use
silicon substrates with doubde pyramid texturesTo model the propagation of
trapped photonwithin the silicon layer, a Phong scattering pieofs assumed which

can be expressed 3
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YO Y ©¢0® Equation 60

where Ris the specular reflectiorp i s t he scatteranmggar angl e def
deviation of the outgoing light from the specular refleciton g1 e, and U i s t he
exponent | n t he cscateringogifile thm He desdribed as a Lambertian

one. Unlike the specular propagation, which is the case for planar stsjd¢tapping

the incident light significantly improves with the scattering model. This can be

attributead to the oblique refractipangles thatause the total internal reflection (TIR).

For the light to present a TIR, the incidence angle must be lameiothequal to the

critical angle which can be defined as:

0 i Qsi_ Equation61

where rrandnsiare refractive indices of the RR and silicon layers, respectively. The
TIR condition strongly depends on the refractive index of the RR layer. Decreasing
the refractive index of the RR layer enbhas the absorption of the silicon layettwi

two mechanisms; (i) the reflectance increases with higher refractive index contrast
which is the case for all substrate types irrespective of the surface morphology, (ii
larger refractive index contrast at thear interface yields a larger portion thie
incident light to be reflected totally regarding the surface features and the TIR. To
demonstrate this effect, the percentage of the TIR at 1200 nm wavelength and the
normal incidence as a function of the retrae index of the RR layer and the Phong
exponent is presented Figure 61. It shows that the TIR percentage is over 70% for

an RR layer with a refractive index of 1, which drops linearly with increasing the
refractive index for the caswith aLambertiantype scatteng profile. Increasing the
Phongexpnent , U, yields a decrease in the per

distribution of the scattering starts to narrow down. Since the light propagates
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specularly in the DSP silicon, thetal internalreflection does 6t happen i

fashion.
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Figure 61 The percentage of the TIR as a function of the refractive index of the RR for various Phong exponents
at normal incidence.

It should be noted that thacidence agle of the rear interfacis defined by the
scattering at therdnt and rear interfaces in the case of textured silicon substrates. To
illustrate the effect of the incidence angle on TIR, the percentage of the TIR as a
function of the RR refrdive indexand the central scatteriramgle is calculated as
shown inFigure62 andFigure63. Figure62 showsthe effect of the refractive index

of RR and the central scattering angle for a Lambertian scattering profile. It is
calculated that a full TIR occurs forcantral scattering angle larger than or equal to
50° for a refractive index of 1 and gradually fisito more oblique angles with
increasing the refractive index. For instance, in the case aof 8if TIR angular
threshold becomes 60
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Figure 62 The ratio of the TIR as a functiof the refractive index of the RR ane ttentral scattering angle for
the Lambertian scattering profile.

Figure63shows the TIR condition as a function of the central scattering angle and the
refractive index othe RR for the Phong exponents of 5, 15,82l 50. As the Phong
exponent increases, the TIR threshold angle @mes the critical angle calculated
with Equation61. This is because as the Phong exponent increases, the angular
dispersion of the scattat@hotons becomes narrower, elihdecreasefi¢ number of

photons with scattereghgles smaller than the critical angle.
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Figure 63 The ratio of the TIR as a function of the refractive index of the RR and the central scaiteyimdor
various Phongxponents, 5 (a), 1&), 25 (c) and 50 (d).

The amular distribution of the Phong scattering for various Phong expoments
presented ifrigure64. As the Phong exponent increases, the angular distribution gets

confined in a narrower range
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Figure 64 Theangleresolved spectroscopy of the Phong scatteramg/&rious Phong exponents.

The central scattering angle is the key parameter defining the degree-tridpyiihg
for thetextured silicon substrateBigure 65 illustrates the optical paths in a textured

silicon sulstrate and the corresponding saatig angles.
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Figure 65 lllustration of the optical paths in the DST silicon substrates at the normal incidence for random
distribution of pyramids.

The simulaibn is fitted to the experim@al reflectancéy varyingPhong exponerio
accurately model the measdrscattering angs. Figure 66 shows the experimental
measurement and simulation results of the random DST silicon substrate without RR
and metal layers. The lowest level of mismatch is obtained fdr (Lambertian

Scattering). Therefore is chosen accordingly unless othese stated.
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Figure 66 Reflection, absorption and transmission spectra of random DST silicon substrate with simulation
(dotted line) and measuremesblidline).

The simulated and measured reflecsinnen a conformal metal layes coated at the

rear surfacare presented iRigure67. The metal layer has a thickness of 300 nm.
Subtracting the reflection from unity is a good approximation of the parasitic
absorption in the metdhyer. A significant enhancement in the silicon absorption is
obtained with textured surfaces whiamde &ributed to the increased lighiapping

and suppressed reflections compared with the DSP silicon substrate case. The
simulation of DST silicon wit the 300 nmthick Ag metal layer presents raar
reflection of 80% while measured reflection data tlee @me structure manifests
around 50%. The difference between both spectra can be explained with a
measurement error of the characterization device #wedenhanced parasitic
absorption of the metal layer as a consequence of the introduced roughtiess to
interface, and variation of optical properties of the metal lagéthe time of writing

this thesis, we have not been able to clarify this largerghiancy.
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Figure 67 The measured reflection and transmission spectradgddine) of random DST silicon substrate with
300 nmthick Ag metal layer along with simulated reflection, transmission, silicon and metal aba@pétra
(solid lines).

The reflection spectrum of a 3.3 mimck protected silver mirror from ThorLabs i
measuedto investigate the measurement error. The measured reflection and the one
provided by the datasheet for the reference sample are sh&iguie68. In addition

to the referenceample, the reflectance of 160+thick Agdeposited on BSP silicon

by thermal evaporatiois also presented. The amirement error can be seen in both
reflection spectraWe believe that this difference is caused by the fact that fizedti
diffuse reflector reference (BaSpleads to very different reflection paths inside the

integrating sphere than our speculate@brs.
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Figure 68 Measured and supplied reference reflection spectra of the protéktedcoated miror from

ThorLabs and fabricated 150nthick Ag coated DSP silicon substratdong with the corresponding simulated
reflecion spectra.

The main advantage of using an RR layer at the rear interface is that whiemlaper

is formed betwen the metal ansilicon layers, only photons with an incident angle
smaller or equal to thacceptance cone defined by refractive indiceboth layers
can transmit to the metal layer. For instance, the acceptance cones @aa34.3.5
at1200 nm waelengthfor SiNx and aerogel RR layers, respectively. For a Lambertian
scattering profile, e ratio of photons corresponds to an incidelacger than the
acceptance cone angle is around 30.8% and 46.1% feraBidNaerogel RR layers,

respectively.

The mth length enhamenents of DSP and DST models1200 nm wavelengthre
presented ifrigure69. The incident light travela pathlength that is almost 27 times

the substratehickness in the case of the DST silicon substrate. This can be attributed
to the scatteng of the incident lighand the TIR which takes place at the interfaces
due to the oblique incident angles and the refractive index contrast. Hence, the rear

interfae reflection becomes more important considering multiple bounces of the
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incident light tomitigate parasitic almsption. Since refractive indices of the utilized
materials, silicon, aerogel, and SjMiffer inconsiderably for wavelengths longer than
900 m (Figure107-109 andFigurel117, see Appendix B an increased reflection at
the 1200 nm waeslengths is representative afbroaderange(500-1200 nm) It is
importart to note that while the ligttapping and almsbance improve with enhanced
path lengths, the free carrier absorption (F@Athe silicon layer increases which in
turn yields a derease in photogeneration.e’RCA is defined by the doping levels of
the wafer. The utilized silicon substrate in thigs$is has a resistivity o3 q f ¢ m
which corresponds to an FCA of 0.1% per sifgss’® Therefore, the FCA is
neglected regarding the fact that a maximum of 2.7% absorption |d20@tnm

wavelengthcan be obtained and this number decreasgtisshorter wavelengths.
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Figure 69 Path length enhancements for various front and rear surface morphologies at 1200 nm wavelength.

The simulated reflection, absorptioand transmission spectra of the doesdilde
randomtextured silicon substrate are givenhkigure 70. Considering the internal

reflectance athe rear inerface, the utilizatio of the aerogel and SiNayers
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significantly improves reflectance which in turn increases the absorption initoa sil
layer for all the cases. As predicted, the rear interface reflectance improves with

decreasing its feactive index.

Figure 70 Reflectionandsilicon and metal absorption spectra of random DST silicon substratevaritbus RR
combinations (none, 120 nm Sidhd 250 nm aerogel). Ag is used as the metal electrode.

The refection and aforption spectra are preged inTable 6 in the form oftheir
photocurrent guivalents showing that the reflectiathe main loss mechanism. The
reflection loss is around 9 mA/érfor all DSP cases and there is a slight increage wi
SiNx and aerogel RR introduction. As mentioned previously, a negligible@hso
difference ispresented for all DSP cases. The fragier absorption is not accounted
for the silicon layer, as a result, the loss is assumed to be due to the reflection and
metal absorption. Since a 300 fthick metal electrode is used, zero ganissions are
obtaired with all the cases. Negligible patasabsorption values are calculated in the
ARC and RR layers. The introduction of the surface texturing boosts the silicon
absorption by more than 5 mA/émHowever norplanar surface features use
increased parast absorption in the metal layer. Inrpaular, the utilization of

texturing at the rear surface results in 0.75 mA&/parasitic absorption. In all the

116












































































































































































































