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Um den zukiinftigeng St G 6 SAGSy {GNRYOSRINF 1dz -RS501Sy
Emissionen durch fossile Energietragerzu senken, ist die Entwicklung von
Photovoltaikechnologien eine der wichtigsten Lésungemur Stromerzeugungaus
erneuerbaren Energiguellen Gegenwartig wird das enorme Wachstum der Photovoltaik
hauptsachlich durch kristalline Silim-Solarzellen (Si) vorangetrieberAllerdings néhert
sich ihr Wirkungsgrag6éwer conversion efficiencyCE) bereits der theoretischen Grenze
von 29%.Eine de vielversprechendsten Lésungenr Uberwindung diesesimitsist die
Kombinationvon Siltium als untere Zelle mit einer oberen Zelle mit breiter Bandliicke in
einer Tandemkonfiguration (Mehrfachiibergang). Organisckanorganische
MetallhalogenidPerowskitSlarzellen perovskite solar cellsPSG) gehdren zu den
aufstrebenden Photovoltaifechnologienund weisen aufgrund ihrer hervorragenden
optoelektronischen Eigenschaften, variablen Abscheieihoden und ihres potenziell
kostengunstigen Herstellungsprozessein grofR3es Potenzialls obere Zelle mikeiner
breiten Bandliicke aufTandensolarzellen auf PerowskiBasis hben bereits einen hohen
Wirkungsgrad von 29,8 #reicht, der tber dem theoretischen Grenzwerdn Silcium-
Einzelschichtzelle liegt. Um dies@ Wirkungsgradnoch weiter zusteigern muss als
entscheidende Herausforderung das grofl3e Leerlaufspannungsdefizit (definigftpiég
wobei E die PerowskiBandlicke ist) in PS@it breiter Bandlicke verringeriverden.
Diess ist aufstarkenicht-strahlende Rekombination zurtickzufiihren, die hauptséachlich
durch die defektunterstutzte Rekombinatioimn Innerenoder an der Oberflache de
PerowskitDunnschichtoder durch eine ungeeignete Baambassungan der Grenzflache
zwischen dePerowskit und den Ladungstransportschichten verursacht wird.

Zel dieser Arbeit istdie Reduktiondieses Photospannungverlustesin PSChoher
Bandltckeurch die Entwicklung neuartiger Passivierungsstrategien unter Verwendung
zweidimensionale(2D)RuddlesderPopper PerowskiMaterialien, um die nichtadiative
Rekombination zu minimieren. In diesem Zusammenhang wird als Ausgangspunkt eine
neuartige Strategie unter Verwendung einer 2D/3Bleterostruktur  als
Oberflachenpassivierung und einer Elektronensperrschicht zwischen einem Perowskit mit
grofRer Bandliicke (1,72 eV) und einem Lochtransportmaterial i B 6-i-p-Architektur
eingesetzt.Die auf dieser Stragie basierenden Bauelemente weisen eine signifikante
Verbesserung devocvonbis zu 80 mV auf, was 90 % der ShoeklegisserGrenze flr ¢
gegebene Barldckeentspricht. Als Nachstes wird diese erfolgreiche Strategie in PSCs mit
konstruierten Bandliicken angewandt, um die RGEmMechanisch gestapeltenferminal
(4T)YTandensolarzellenzu maximieren, indem id optimale Bandliickedes Perowskit
Absorbers bestimmt  wird. Die Ergebnisse zeigen, dass die
Oberflachenpassivierungsstrategie unabhangig von der Bandlicke des Perowskits zu einer
Gesamtverbesserung von 45 mV fir alle Bauelemente fuhrt. Nachfolgend wird gezeigt, dass
die Kombination der 2D/3DHeterostrukturPSCs verschiedener Bandlicka in 4T
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Perowskit/cSi oder 41Perowskit/CiGFandemsolarzellen eine vergleichbare PCE fir den
E-Bereich von 1,68,74 eVbesitzt Darlber hinaus zeigt dieses experimentelle Ergebnis
zum ersten Mal, dagsoheBandlicka (&> 1,/4eV) in PSCaichtidealsind, um die héchste
PCEn einer4T-Tandemkonfiguration zu erreichen, was den Vorhersagen von Simulationen
widerspricht.Schlie3lich wird angesichts der Bedeutung von PSCsimiApchitektur fur
2T-Tandemsolarzellen eine dopke Passivierungsstrategie eingefuhrt, bei der ein
langkettiges Alkylammoniumsalz sowohl als Additiv en RBlerowskischichtals auch zur
Oberflachenbehandlung verwendet wird, um gleichzeitig die Korngrenzen und die
Grenzflache zwischen Perowskit und etekentransportierender Schicht zu passivieren.
Das dual passivierte Bauelement weist einen hohenr\REE von 22,7 % auf, der einer der
hdchsten bisher fur p-n-PSCwerdffentlichenWirkungsgradest. Dartber hinaus werden

die pi-n-PSCs mit  breiter Bandlke, die auf der entwickelten
Doppelpassivierungsstrategie basieren, inREFowskit/CIGSund 2FPerowskit/Silizium
Tandensolarzellen integriert, um die Effizienz von Perowdkisierten Tandem
Bauelementen im Vergleich zu den Eiaeteffizienzen weitezu verbessern.
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Abstract

To meet the global electricity demand in the future while loweringenergyNS € | § SR/ hi
emissions the development of@newable energy technologies based on photovoltécs
one of the key solutionLurrently,the enormous growth of photovoltaics is méi driven
by singlejunction crystalline silicorfc-Si) solar cells However, their power conversion
efficiency (PCE)is alreadyapproachingthe theoretical limit (29%9. One of the most
promising solutiosto go beyom this limitiscouplingsiliconas the bottom cell withawide-
bandgap top cell ifa multijunction (tandem)configuration. Organignorganic metal
halides perovskitesolar cells(PS®), as one of theemergingphotovoltaic technolodes
show great potentiafor such widebandgap due to theisuperboptoelectronic properties
variable deposition techniquesand potentially low-cost fabrication process.The
perovskitebased tandem solar cellas already demonstratetigh efficieng/ of 29.8%
which isabove the tleoretical limit ofthe single junction silicon ¢de However, to improve
this PCE one step further, one of tlseucial challenges thatare needed toaddressis
reducingthe large open-circuit voltag (Vod deficit (defined asky/gbVog wherek; is the
perovskitebandgay) in widebandgap PSC. This origiestfrom the severe nonadiative
recombination mainly due to thdefectassisted recombination within thieulk or at the
surface of the perovskite dnappropriate band alignment at the interfadbetween the
perovskite and charge transport layers.

The aim of this thesis iso deal with this photovoltage loss in wideandgap PSC by
developing novepassivatiorstrategiesusingS Y SNHA Y I H5 wdzeRisBiéd RSy bt
materials in orderto minimize non-radiative recombination. In this regards a starting
point, a pioneering strategy utilizinga 2D/3D heterostructureis employed assurface
passivationand electron-blocking layebetween widebandgap perovskite (1.72 eV) and
hole transport material in PS@ith standardn-i-p architecture. The devices based on this
strategy demonstrate a significant enhancemenYgzup to 80 mVeorrespondngto 90%

of the ShockleyQueisser limit for the given bandgap.Next, this successful strategy is
employed in PSCs with engineered bandgapsorder to maximize the PCE of the
mechanicallystacked4-terminal (4T)tandem devices by determining the optimuB of

the perovskite absorberThe results show that regardless of the perovskite bandgap, the
surface passivation strategy results in an overall improvement of 45 mV for all ddwices.
the following, coupling the 2D/3D heterostructure PSCs with engineered bandgagTinto
perovskitet-Sior 4T perovskiteClGS$andemsolar cell exhibia comparabld®CE for thé&g
ranging from 1.68..74 eVIn addition, ths experimental finding for the first timesveals

that wide-bandgap PSC witg > 1.74 is not the ideal bandgap to reach the high&SE for

the 4T tandem configuration, which contradicts predictions made by simulations based on
the detailedbalance principle Finally,in view of the importance oPSCswith p-i-n
architecturefor 2T tandem solar celladual passivation strategg introducedusingalong

chain alkylammonium salboth asan additiveinto the perovskite bulkand for surface



Abstract

treatment to simultaneously passivate the grain boundaries and the perovsletgfon
transporting layeinterface.The dual passivated device exhibits a high PCE of 22.7%, which
is one of the highest reported fqr-i-n PS€so far.Further, the widebandgap pi-n PSCs
based onthe developed dual passivation strategy are integrated into 4T perovskite/CIGS
and 2T perouste/c-Sitandem solar cells to furthemprowe the efficiency of perovskite
based tandem devices with respect to the singiection efficiencies
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Introduction

1. Introduction

¢KS a{AEGK | ¥arGutheYirBeygdvernm8rita Maliel olimate Change
(IPCCpublishedon Aug. 202indicates that humaractivity hasled to an increase in the
averagetemperature of ourplanet by at least 1°Gince theindustrial revolution® A
substantial portion of thisncreasg40%)is attributed to theuseof fossil fuelsdil, coal and

natural ga$ that releasecarbon dioxide (C£) and other greenhouse ga&s?* At the

current rate, the temperatura@s expected tancrease by 1.8Cby 2040°¢ KA a Cdd& | &
Redk T2NJ KdzYl yAdGé& | & cingSomk diBe undortBlledrR@nseGuEncES NA Sy
of climate changéoday: rising sea levels, enduring heat waves, periodic extreme colds and
flash floods are becoming more prominénTo avoid these profounéffects of climate

change bold ation must be taken to slow down the current rate of £€mission in
alignmentwith the goas of the 2015riternational Paris greement,which ainsto hold the

average increase in global temperature bel@vs°C® However,one also has to consider

the growing global demand for energy. According to the 2021 outlook of the Energy
Information Administration (EIAgnergy demands expected to rise nearly 50Bf 2050
compared tothe 2020 level due to population growth coupled with economic and
technology development! Therefore, a complete transformation of global energy
infrastructuretowardsclean andenewableenergyisimperativeto secue a peaceful and
sustainable futurevhile meeting the demand forrising energyonsumption.

Among all reewable energy technologies, photovoltaidPV) plays an essential
contributionin the ongoing energy transitigallowingfor the direct conversion of sunlight
into electrical energy°® Thanks tdhe abundantresourceof the sunalong with remarkable
market potential anccosteffectivenessthe solar P\share ofglobal power generatiosan
rise to 25% by 2050 (reported bthe International Renewable Energy Agency (IRENA)
2019)%19In this context, the global installed PV capacity has increased up tGW)in
2020, which alreadyrepresents amarket growth of 30% as compared to therldwide
cumulative PV capacify 2019 Despite these advancethe pathway towards furthe
investments capacityexpansiorand installatiorof PVrequires a steady reduction of prise
to increase competitivenessompared tocarbonbasedenergy resourcesuch as coal or
natural gasThis means a low levelized cost of electridit¢ QF, whichrefers to the cost of
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Figurel-1: Power conversion efficiency evoloi of singlejunction perovskite, silicon (Si), Copper ind
gallium selenide (CIGS) and perovshkitsed tandem solar cells in at&minal (2T) and 4erminal (4T
configuration in combination with Si, and CIGS solar cells. Adapted from National Rénduvedrg
Laboratory (NREL) efficiency chi.

energyin €/ kKWh,is highly desirableé?redictionfor forecastan Germanyhowsthat in 2040
GKS [/ h9 gAtf 0SS 0SG6SSyYy wmdogneed P\syRemewbishm €/ Sy
will be remarkablylower than the average LCOE ofydossil fuel power planin the same
year.!! To meetthis prediction, increasing the power conversion efficien@CEpf solar
PVispivotal. In terms of the current market, silicon solar cells dominate more tHz% Bf

the global market shar& However, the record PGH crystallinesilicon (eSi)solar cells
has reached6.7%" which isalreadyconverging towardsts theoretical efficiency limit
(D29.4%. Thus, furthersignificantimprovementsare improbablefor ¢-Si PV technology

A promising approach to overcome this liatibn is to usea multijunction solar cell
configuration(so-called tandemsolar cell whichutilizes materials of different bandgaps
stacked atop of each other. The simplest mjutiction configuration combines two
subcells, each of whichbsorts a specific part of the solar spectrum more efficiently than
an equivalent singhunction device, thereby increasing the theoretical PCE limit to around
45%?*5 Reachingsch highefficiendesis indeed an attractive route teeducethe LCOE

Currently the most efficient tandem solar cell (with two subcells) is basada llicV
semiconductor(gallium arsenide) combined withS] showinga championPCE of 32.8%
under 1-Sun illuminationt® Although thishigh efficiencyis an extraordinary achievement,
complex manufacturing processes ahmh 115V material costsestrict such devices to
spacebasedor concentrator PV applicatiod$'8A comparatively new PV material wigh
high-efficiency, potentially lowcost fabrication process andpscalingfeasibility comes
with the emergence obrganicinorganic halideperovskites absorber$s?? In particular,
the possibility of tuning théandgap(g) of the perovskiteabsorberfrom 1.5 to 2.3eV
makes them a unigely suitablecandidate for inclusion itandem solar cell3%25 In terms
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Figurel-2: Champion &) power conversion efficiencies (PCBEph-i-p vs. pi-n perovskite solar celland (b
opencircuit voltage Yod as a function of perovskite bandgaptained fromthe best mixeehalide perovskit
solar cellshavingdecent power conversion efficien¢lpCE) >12%eported in the literature The dashed lir
displaysa Vocrepresenting 90% of Shockk€ueisser (€) limit.

of singlejunction architecture perovskite solar cellPSCshave already demonstrated
enormousprogressn PCEwith an increasérom only 3% in 200%to a recent record PCE
of 257%2’ Recentlyasimilar stunning breakthrough is also observed for perovdkised
tandem solarcellsin conjunctionwith ¢-Si, achieving #CE of 28% (Figure 11).13 This
superiorPCEompared to the respective singjenction devicesndicates a great potential
for perovskie-based tandentdevices facilitating their integration into the PV market in the
near future.It is worth stating thatseveral startup companies, such as OxfBM, Swift
Solar, and Tandem Pare already attempting to bring this technology into the global PV
market?®

Perovskitebased tandem solar cells are typically fabricated in either a- tarofour-
terminal (2T or 4T) configuratioeach of which haspecific advantages amdtawbacks
(details of each configuration can be foundGhapter 2). The main advantage of the
mechanicallystacked4 T configuration is that both subcelise electrically isolatedndcan
operate independently at theimaximum power point.This allows a large degree of
freedom in the fabrication process (e.g., temperature, solvent, substrate roughness, etc.)
for each subcell, which is of particular importance for $23€! As a resulta top PSC can
be employed in both tw@ommonplanar architecturesnamelystandard n-i-p or inverted
p-i-n, which is defined based dhe sequence of functional layers in the devieedetailed
description ofeach architecturecan befound in Chapter 2). However, one problem
assodated with the 4T configuration ithe need for a secondirect currentalternating
current(DC/ACQinverterfor the tandem system, which implies an additional cost to the PV
module3'32 A possible alternativés a monolithicallystacked 2Tthat exhibits the cost
effective tandem configuratiorassimilar to a single junctiosolar celbnlytwo electrodes
with one DC/AQnverter are needed?*3Neverthelessdue to a series connection of both
subcellscurrentmatching between the top and bottom cels required tomaximize the
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PCE, wichresults ina limitation in the bandgap combinatiori%33 Besidesas the top PSC
is directly grown on top of the bottore-S or CIGSolar cells, the fabrication process of the
top cell can easily damage the underlying bottom cell. For this reason, althsuddr
singlejunction PSCs with the-irp architecture hae demonstrated the highest reported
PCE (25%), applying them to th2T perovskitet-Sitandem solar cells crucially inhibited
due to their hightemperature fabrication processf electron transport layeandthe lack
of the sufficient optical transparecy for hole-transporting layer*3” Therefore, the
monolithic tandemsolar cellresearch isfocusedon PSCwith p-i-n architecture This
highlights the importance of developing theigh-efficiencyp-i-n PSCs, as their PGEstill
lagging behindn comparison witttheir nci¢p counterpartsas shown in Figurg-2a.

Notably, for both 2T and 4T perovskideased tandem solar cells, a wibdandgap
perovskite absorber in the range df.65-1.85eV @ccording tothe detailedbalance
calculation) is needed for optimal performaneéhen used as the top cell absorber in
conjunction with adw bandgap Si (1.1 eV) or CIGS (1.2 eV) botton¥é&Buch wide
bandgap absorbers play a critical rolehiarvesting thehigh-energy photonsn a tandem
configuation as well agieldinghigh opencircuit voltage(Vog. The most straightforward
way towiden the bandgap of the perovskiteby varyinghe halideratio (for example by
simple substitution ofodine (1) with bromine (Br)) in the compositionof the perovskite
materialas we will discuss in detail @hapter 2223° However,achievinga high Voc(close

to the theoretical limit) in such widebandgapPSCs ia great challengeasincreasing the
bandgapis not directly accompanied bgn increase inVog resulting inhigh Voc deficits
(defined assy/ g - Vod.*%*3 The primary causes for thisrgeVoclossarise from severe non
radiative recombination losses due thigh density of defects present: (i) in the bulk/grain
boundaries of the widdbandgapperovskite absorber layer and (i) at the surface/interface
between perovskite and selectivéharge transport layers (CTIE4Y® Furthermore, an
inappropriate energy level alignment at the perovskite/CTL interface and phase
segregation of the halide ions in the wide bandgap perovskite absodagrsilso limit the
Vocas compared to lovibandgap absorber®<>! So far, there has been no repadrt the
literature with a \bc above 90% of the Shockl€ueisser (8) limit for the widebandgap
PSC¢1.651.85eV) whereas this is not the case for ldvandgap PSCs in thange of 1.5
to 1.62 eVas displayedn Figure 12b.

In order to oltain the full potentialfor 2T or 4Tperovskitebased tandem solar csjlthe

main aim of this thesis t® tacklethe Vocloss invariouswide-bandgap PSGs both ni-p

and pi-n architectures. In this regard, recently, the technique of employirmgo-
dimensional (2Dperovskites basedn longchain organic cationmto the bulk or at the
surface of the 3D perovskite absorber layer has been extensively reported due to effective
reduction in nonrradiative recombination and enhancement in device stabffi§%>
However,in terms of material and device engineering stilimerous kinds of novel 2D
perovskites can bmvestigated to boost the performance of Pi&yond the intrinsic limits
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Motivated by the excellent properties of 2perovskites (as we will discuss in detail in
Chapter 2), weexplore novel 2D materialdor our PSC togethewith the effective
deposition strategy to reduce theVoc loss by (i) passivating the defects at the
surfacedinterface of the perovskite and the CThs well as at the grain boundaries of the
3Dperovskite absorbeand (ii) the formation of an electron or hole blocking layer

The content of this thesis is outlined as follows:

Chapter 2: This chapter firprovides a comprehensiviatroduction tothe structural and
physical properties of organrinorganicperovskite semiconductors. Further,atitlines a

fundamental reviewof the working principle of thePSCsas well astandem solar cell
configurations.

Chapter 3: This chapter focuses ommaterials experimental and characterization
techniques used within this theslisr the processing of opaquend semitransparentPSC
as well agheir integration into2T and 4Tandemconfigurations.

Chapter 4: This chapter dealgth minimiang the large Voc lossin mixed-halide wide-
bandgapPSCsn the n-i-p architecture A novel strategy utilizing 2D/3D perovskite
heterostructure is introducetoth asaneffective surface passivation and electron blocking
layer at the interface betweethe perovskiteandthe hole transportinglayer.

Chapter 5: This chapter presents the application oftighefficiencywide-bandgapPSCs
employingthe 2D/3D perovskiteheterostructure discussed irChapter 4 inmechanially-
stackedd Ttandemsolar cellsFirst, weinvestigate the effect of the 2D/3D heterostructure
on the performance obpaque and semitransparent doubtation PSCs with different
bandgas engineered froni.60to 1.85 eV Further,the resultantsemitransparent PSCs
based on 2D/3[perovskiteheterostructureare appliedas a top cell talT perovskite/eSi
and 4T perovskite/CIGS tandem solar dellsnaximize the PCE of the 4T perovskitesed
tandem devices based on the optimum bandgap of the top demmisparent PSC.

Chapter 61n view of the importance of pn PSCs architecturer 2T tandem solar cells
this chapter deals with the reduction tfe Voclossin PSCa the p-i-n architecture. Adual
passivation strategys introducedusing a long-chain alkylammonium salboth as an
additiveinto the perovskite bulland for surface treatment to simultaneously passivate the
grainboundaries and the perovskitelectron transporting laye(ETN. interface. Further,
the wide-bandgap p-n PSG based onour developed dual passivation strategre
integrated into 4T perovskit€1G3nd 2T perovskitekilicon tandem solar cells to further
improwe the efficiency of perovskitbased tandem devices with respect to the single
junction efficiencies

Chapter7: This chapter summarizes the key results presented in this thesis and, as an
outlook, provides a roadmajor future research in this area.
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2. Theoretical Background

This chaptemtroduces metahalide perovskite semiconducteand briefly describes their
outstandingoptoelectronicproperties.lt is then followed by théasicworking principles

of perovskitesolar cels (PS®), device architectureas well agphotovoltaic characteristics

In the last partwe explain the plausible ways to go beyond the efficiency limits of single
junction solar cells by introducing multijunction (tandem) configurations.

2.1.0rganicinorganicmetal halde perovskite semiconductors

Perovskits are introduced for the first time with the discovery @aTi@by G. Rosand
named afterthe Russian mineralogist Lev Perov$ki general, the component with the
general formula ABXepresents the perovskite csyal structurewhere A is a monovalent
cation,Bisa divalent metal cation andiXananion In this chapter, we provide an overview
of the outstandingoptoelectronic properties of the stateof-the-art perovskite with a
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2.1.1. Structuralpropertiesof ABX perovskites

The cubic crystatructureof the perovskite material ABX§ illustrated in Figure-2, where
the A site is surrounded bgcornersharingoctahedral BXunit such that B is placed at the
center of thisoctahedral [B¥* cluster, forming athree-dimensional arrangemer? In

Figure2-1: Schematic illustration of the perovskite crystal structure with the cubic phase. The left
demonstrates the unit cell of the perovskite absorber.
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Figure2-2: The blerance factor ofperovskite with the structure of ABXSmallA cations fodium (a),
potassium(K) and rubidium Rb) present a tolerance factor lower than 0.8. This factdydsveen 0.8 and 1
for establishedA cations(Cs, MA, FAgnd greater than 1 for too large catioris{dazolium (l1A), ethylamir
(EA), guanidinium (GAgtc. Adapted from eference[*].

caseof organicinorganicperovskite crystalthe A site ions are commonly occupied by
methylammonium(MA"), formamidinium(FA), cesium(Cs), etc.,the B sitemetal cations

are lead P, tin (SrtY), etc., andthe Xsiteis chloride CI), bromide (Br) or iodide (I).6
Depending on the A cation size and its interaction i B> octahedra perovskite can

also formother crystalstructures such as ortirhombic or tetragonat’ Therule of thumb

to determineif perovskites can form a stabfeystald G NHzOG dzZNS A& ol 4SR
Tolerance Factor (Bf which is defined using the following expression:

o (2.1)

where, ra, s and rc are the ionic radii of the organic cation, metal cation and halide,
respectively A stable 3D culz phase is expected to form when the valueta within the
range 0f0.8 <t < 1, whereas the lower range<0.8 results ira distorted structure due to
the tilted BX octahedrawhich decreassthe symmetry of the structur& As a result, only
a narrow range of the organic catiosgch as CsMA", and FAhas a suitable size to fit into
the structure and form a stable 3D lattice, as depicted in Fige2&°Furthermore when
the size of the A cation is too large such thatannot fit into thecrystal lattice {> 1) the
perovskite latticestructure is transformed from the bulk 3D infmwver-dimensionaphases
with different optoelectronic properties This structure can either be a Ruddelsen
Poppef®®lor DionJacobsoff phase of the perovskite absorbératerin Section 21-3, we
will explain in detail the formation of losdimensional perovskite

2.1.2. Optoelectronic properties of metahalide perovskites

Benefiting froma high absorptioncoefficient { > 10* cmr!) with a direct optical bandgap,
alreadyathin layerof the absorbeXd f 300-400nm) is sufficientfor the fabrication ohigh
efficiency PSG. Therebychallengegelated tothe effective collection ofphotogenerated

2y
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Figure2-3: Schematic illustration of 2D perovskidemonstratingthe dimensionality evolution from 2D (i.
n=1)to 3D (n K ).

carriersare reducecP® Thephotogenerated excitonsf the perovskite absorber alsxhibit
small binding energy (about 30 meV), meartingt onlyalow energy (room temperature)
Is neededo dissociate these excitons infee charge carriersthus,a high number of free
charge carriercan becreated® These free carriers demonstrate high mobilityF(10
cn?Vtsth) and a long charge diffusion length exceeding 1 ,umdicatingthat charge
carrierscan travela long distance beforerecombining®®6® More importantly,tuning the
bandgap of the perovskite absorber in a wide range betweer3112eV isparticulaty
interesting for multijunction solar cellapplicatiors.” This bandgap tunability is possible by
simplyvarying theelemental compositioni.e. thestoichiometry or dimensionalityof the
perovskite crystalFor instancemethylammoniumbasedperovskite(MAPbg) exhibits a
bandgap of 1.6 eV. Substituting iodide Wiith smaller halides such as bramei (Br) or
chlorine (Cl) can modifyits bandgap t02.3 eV and 3.1 eMgspectively?® In fact, the
theoretical study based on density functional theory has shown that the valence band
maximum in the metahalide perovkite as a direcbandgapsemiconductor is formebty
couplingan antibondingstate of B catiors orbitals and aniorp orbital. On the other hand,

a conduction band minimum is derived from the coupling déss antibondingnd more
nonbondingB cationand Xanionp orbitals®® As a result, anglementalsubstitution in the

B or X sites of the perovskite structure can vary the overlap between-thsit® and modify
the bandgap. In case the overlapaistance of the BX site becomes larger, this can result
in a perovskite with a low bandgap, while a reduction in the distance leads to the perovskite
with a wide bandgap® Therefore, these intrinsiproperties makehe perovskite absorber

a superior candidate fowarious optoelectronic devices such phlotovoltaics, light
emitting diodes (LEDs3ndlaser application§371.72

2.1.3. Two-dimensional Ruddlesdef?opper perovskits

Inserting too large organic cations intbe A site of the perovskite crystal leads to a
deviationin the 3D lattice, forming 2D (sheet) 1D(wire), or 0D (dots) structure’® Among
all these structures, 2Dayeredas calledRuddlesderPopper(2D-RP)or Dion-Jacobson
perovskitesare found to be superiomaterials for photodetectors, LEDs and solar cells
applications thanks to their tunable optoelectronic properties ancdexceptional
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Figure2-4: (a) photoluminescence emission of-APBAPbL (n = 1), BAMAPkI7 (n = 2), BAMA2Pkel1o (n =
3), BAMAsPhilis(n =4), and MAPb(n=k 0 LISNB @& 1 A (S f Ibandexapgyabganientdf e
corresponding(BAX(MA) . Rinlsn+1 perovskitewith different n that presents the values of the bandg:
Adapted from referencef®8].

environmental stability>’47> The 2D perovskitescan be represented byhe general
formula (Rm(A)n-1BX%sn+1 (N=1,2,3,4,,.k ), where R is longhain aliphatic or aromatic
alkylammonium catiosacting as a spacer between the perovskite layerss either Ifor
DionJacobson phase (organic cations with two binding groapg)for RP phasgrganic
cations with a single bindingaup), A is conventional cations (MAFA, etc.), B is a metal
cation (PB*, Si#*, etc.)and X is habes’® Here, n representshe thickness of the 2D
perovskite which is identified by the number of octahedra corslearing [BX6] layers
sandwiched betweetwo bulky organicspacetdayersthat areconnected via combination
of Coulombic and hydrophobic force$ Depending orthe thickness of the 2D layém), the
perovskite icategorizedas2D (n=1), quasi2D (n=2-5)or 3D (n=k (phase, all exhibiting
different optoelectronic properties as displayed in Figur8. Forexample for the 2DRP
(BAXMA), LRinlzn+1 perovskite thin film, byincreasing the thickness (n) of the inorganic
layer the bandgaparies from 224 eVfor BAPbk (n=1) to 152 eV forpure MAPK{ with
n=k (Figure 24).7%80 Theexample of themost common bulky organic cations avatyl
ammonium (BA)*” phenylethylammonium (PEA)® iso-butylammonium (iso-BA)8* n-
Octylanmonium (OA)etc (Figure 25).82

Compared to 3D perovskig 2D perovskite structures exhibit distinctifeaturessuch as
higherambient and operational device stabilitieBhis ignainlydue to the hydrophobicity
nature of bulky organic cationsr the organic grou[s interaction (such as hydrogen,
halogen bondsindvan der Waals interaction#f)at protects the surface of the perovskite
and the inner latticefrom moisture and humidity degradatiof¥:2* Moreover, the devices
exhibit higher thermal stabilitdue tothe low volatility of the longchain organic cation®
The first quaskD-based metal halide PS&as reported by incorporation of PEHAtO a
MAPDb} perovskite absorberhaving the structure of PEAMA:Pksl10.84 Although the
resultant deviceslemonstrateda very low PCE df7%, themoisture stability of the devices
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Figure2-5: Molecule structure ofargeorganic spacecationscommonlyemployed forthe formation of 2C
perovskites

improved significanthafter 46 days in an atmosphere wif2% relative humidity (Rths
compared to the referenceHowever the performance of the 2ibased PSCs lags behind
their 3D counterparbwing tothe insulatingnature of organic spacemshich confines the
charge carriers in two dimensions, leadingptmor charge transport and consequentbyw
FF andshort-circuit current density (k9 in the devices.In principle, the 2D structure
demonstrates avery high excitorbinding energyassociated with thdarge difference
between thebandgap of thenorganic perovskite anthe bulkyorganic layemas well as a
large mismatchbetweenthe dielectric constanbf the insulating organic spacer aile
large mismatch between the dielectric constantof the insulating organic spacer and
perovskiteconductor layers’86This results ithe quantum confinement of carriengithin

2D/3D 2D/3D Heterostructures

Figure2-6: Schematic illustratin of 2D/3D heterosticture formed between perovskite and hole transg
layer (HTL) via theurfacetreatment of the 3D perovskite layer with large cations (2D materials).

10
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the perovskitecrystal, wherel KS Ay 2NHF YA O f I &8SNJIOGa I &
actsas a barrief”-88As a resultthis quantum confinemenand the relatively low dielectric
constant for the large organic catioaffect theCaulomb interactionbetweenthe electron

hole pairsandstringsthe interaction between themThispreverts carrier migration tahe
contactswhich deteriorateghe performance of the2D-basedPSC?

In addition employingan ultrathin 2D-RP or quasi2D perovskitelayer increases the
activation energy barrier for ion migratiomithin the perovskite laye??8%°Thisdoesnot
only enhance the stability of PSCs but also hinder the accumulation of deféutssatface
and grain boundaries (GBH)the perovskite absorbeteading tcanenhanced opertirauit
voltage (Vogd of the device$38%% Besides, using loachain bulky organications on the

3D perovskite surfaceanform a 2D/3D heterojunction that can act ablacking ayer (due

to energy offset) to hinder the recombination of the charge carriers across the 2D/3D
heterojunction(Figure 26).4:°293Furthermore, as observed in many studies, employing an
ultrathin 2D-RPlayer into the bulk or at the surface of the perovskite layer results in
prolonged lifetimesof charge carriers in comparison withe 3D perovskite layer due to
the passivation of th&D surface dfects, thereby reducing the d&loss.?29%% Therefore,
with the knowledge of the superi@iectrical and optical properties of various 2D evéls
along withtheir particularrole in passivating the detrimental defects in P$&the main
focus in this thesis isased onusing these materialfor reducingthe Vocdeficit in wide
bandgap PSCs.

2.2.Perovskite solar cedl

2.2.1. Working principle

The principle features of photovoltaic energy conversioR8Csely on five essential steps
to generatepower. (1) absorption oincidentphotons in the absorber material, (2) creation
of excitons (bound electrehole pairs), (3jlissociatiorof excitons into free charge carriers
electrorthole), (4) separation and collection of charge carrigrselective contacts(5)
extraction of the edctron and holes by electrodes, (Figur&@)2% Therefore, a good solar

peoT [eulalx

Figure2-7: Schematic illustration of (a) fuadhental processes inerovskitesolar cell

11



Theoretical Background

(a) e O

)
V,, =0 _ P E

A

n

E ~
Flatband solar cell - Flatband solar cell

Figure2-8: Schematic illustration of energy band diagram of-ianpheterostructure under illumination (a)
short-circuit and (b) under applied voltage. &ated fromreference[*4).
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requiresa proper absorber layer with a high absorption coefficiesmall exciton binding
energytogether with sufficientcharge carrier mobilityand long charge carrieiffusion
length. As discussed in Section22l, all these intrinsic featuresan be found in he
perovskite materidD droperties makngthem an ideal absorber for solar cell application

Typically,PS@ form a p-i-n (or ni-p) hetergunction, where the perovskit@bsorberis
consideredas anintrinsic (i) semiconductaandsandwichedetweenthe p-type (so-called
hole transport laye(HTL) and the ntype contacs (so-calledelectron transport laye(ETL)
that exhibit suitable bandgaps tha@irovide selective carrier transpott’~1%3 It should be
noted that dthough PS€&have the p-i-n or n-i-p heterostructure layer stack, still there are
ongoing investigations to understaitd exactoperation principleFigure 28 demonstrates

the band diagram of 4on solar cell under illuminatio at shortcircuit and at operating
conditions based on the flatband scenario which is used to understand the working
principle in PSC8%1% |n this scenariothe separation and collection afhargecarriers
originate mainlyfrom the chemical potential(i.e., diffusion of chargeslue to the
nonuniform charge carrierdistribution). Moreover, according to Wurfekt al, this is
mainly the selectivity of the charge transport layers (CTL) which provide an efficient
separation anaollection of charge carrieendbuilt-in voltage (driftdoes not play a major
role in the operation rechanism of PS¥’ This means that differences in the conductivity
of the large bandgap 4ype and ptype contacts for charge carriers provide an easy
pathwayfor the majority carriers to pass througheir respective contactvhile blocking
the minority carriers at that sidand vice versa®’ Bergmannet al, alsodemonstrated a
field-free MAPK4 layer in a device configuration obtained by cresstional Kelvin probe
force microscopy measurements, verifying that the diffusionndeed the dominant
mechanism for the separation of the charge carriers in the area of the peroikité®
Theschematics of the band diagram for the flat band solar (Eefjue 2-8a) demonstrate
that under continuous illumination at short circuit condition, in which the contacts are
connected through an external circuit without any applied voltage, the Fermi engggy (
equilibrates over the device and the collection of thenerated electrons to tha-side and
extraction of the generated holes to thegude is facilitated by sufficient large band offset,

12
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Figure2-9: Schematic of common recombination mechanisms in semiconductors: direct, Auger, Sl
ReadHall (SRH), and surface recombination. Adapted from refergte

providing a net current flowJq in the solar cell. Under continuous illumination aat
applied voltagg(Figure 28b), the E- splits into two sepaate quasiFermi levels, scalled
quastFermi levels for the electron&() and holes i), aligning with the Fermi levels of
the ntype and ptype contacts, respectively. In this case, the solar cell generates both
voltage and current simultaneously andnsequentlythe power is produced.

2.2.2. Recombination mechanism

Recombination is the process where the generated electrons anesterle annihilated,
therefore leading tocharge carrier losse$n general, free charge carriers can undergo a
radiative process byemitting a photon (luminescencg or non-radiative Auger
recombination, ShockleyReadHall Recombination (SRRHand surface reombination
(Figure 29).19%111 |n PSCs, neradiative SRH recombination and interface recombination
are the dominant recombination mechanisms under solar irradiation conditions (1 Sun),
and therefore the main driver for losses Macand FF, while Auger recombination only
becomes dominat at irradiation intensities abovel00 Suns?? In the following, the
different mechanisms are briefly descrih&13

Radiativerecombination

Radiative recombinatioordirect bandto-band transitionss the inverse process of photon
absorption where lightgenerated electrorirom the conduction band directly recombines
with a hole in the valence band and the excess energglémasedin the form of a photon
asschematicallyllustratedin Figure 2). This is also known d&smolecular recombination
As this process requiredree electrorhole pair, the radiativerecombination ratedepends
on the product ofthe density of photogenerated charge carrigmsn). In case of hybrid
perovskiteswhich aredirect semiconductors, theadiativerecombination rate is around
10°10-10°1t cmd/s, 4 which is orders of magnitude higher than silicon (3 ¥%dmn?/s).115

13
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Figure2-10: Schematic oflifferent defectsthat exist ina perovskite crystal lattice(a) ideal lattice; (b)
vacancyat the Asite, () interstitial, (d) antiite substitution and higher dimensional defects such asdge
dislocation (f) grain boundary andg) precipitate defects, respectivelBlue black and purple dot

demonstratethe A,B, and Xsite ionsfrom ABX perovskite structurerespectively The figure adapted fro
reference[*!9].

Auger recombination

Auger recombinatiots atrimolecularnon-radiative recombination processvolving three
carriers where the excesss induced by the recombination of an electron and a hole is
given to anotherexcited electron or hole instead of emitting a photd# By subsequent
thermalization process, this thirdarrier loses itexcess energy angklaxes to the band
edge Therefore, the recombination rate in this processpreportional to the charge
density to the power of three neny (np?ne). Although Auger recombination plays a
considerable role in silicon solar cells due to their high carrier concentration caused by
doping and indirect bandgald? it is negligible inPSC as theadiative recombinationis
considered to be a domination recombinatiomechanism dugo its direct bandgap’

ShockleyReadHall (SRH) recombination

SRH recombination (also known tap-assistedrecombination)occurs due to defest
(trap)induced energytatessituatedwithin the bandgaghat can capture both electrons
and holes and lead tmon-radiative recombination. This process is accompanied by
emitting phonons (lattice vibratioms shown irFigure 29 and dominates at low charge
carrier densities. In crystalline semiconductors, dfts can be classified as (i)
crystallographic defctsand (i) impurities fromforeign atoms in the latticé!81° These
crystallographior bulkdefectscan be originated fronpoint defectswhich are positive or
negative charged defects(vacancies interstitials antikite substitutiong or
higheiflimensional defects(dislocations grain boundaries precipitate (Figure 2
10).44119.120Therefore, controlling the defectsf the perovskite thirfilm via improving the
quality of the perovskitgpassivating defects located in the bulk and decreasing the number

14
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Figure2-11: Schematic illustration dghe band diagam for perovskite/electron transport layer (ETL) intert
which present the different pathways of recombination at tiseirface/interface, includinga) high defec
density at the surfad@nterface of the perovskite and EJI(b) improperband alignmentand (c)backtransfer
induced recombinatin.

of grain boundariescan significantly reduce SRH n@uiative recombination and
consequently enhance the performanog PSC44110.121,122

Surface/Interfacerecombinaion

Next to the carrier recombination in the bulk, the surfagefossinterfacerecombination
occurring at the surface of the absorber layer atdhe interface between the absorber
and chargeransporting layers (CTL) is the predominant responsible for theradiative
recombination losses in PSCs, thus limiting\the*®:59.23117.123T hisrecombinationmainly
originates from (i) high defect density at the surface of the perovskite layer due to the
severe interruption of the crystal latticat the surface, which is prone to produce a high
number of dangling bonds (process,(#jgure2-11a), (ii)deep trap statesnduced by the
direct contactof perovskite layer with CTL (process (2) in Figutéd, (iii) trapassisted
(SRHjecombinationat the interface towards the CTL (process (3) in Figtkgdad and(iv)
mismatched energdevel aligiment at the interfacegprocess4), Figure 211b) and back
transfer induced recombination (proce$s, Figure 211¢).10%117 All of these recombination
factors reduce the steadgtate charge carrier density under illumination, thus resulting in
a reduction of thequas-ermi levelsplitting (which is representative of théocvalue) in
the non-equilibrium state of the illumiated absorber Therefore, key strategies such as
surface passivation and interface engineering are particularly important intBSGpass
interfacial nonradiative recombination. Int@&pter 4and Chapter 6ve willdiscuss in more
detail an efficient strategyin orderto passivateéhe surfaceand the grain boundariesf the
perovskite absorber layer

2.2.3. Solarcell architecture

Depending on the device layer stack, opague PSCs are typically fabricated in two common
architectures: inverted planar-pn with a layer stack dfansparent conductivexide (TCO)

15
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Figure 212: Schematic illustration of two common perovskite solar cell architectures with (a) inveriea)
and (b) standardr(-i-p) structures.

/HTL/perovskiteETL/metd contactand standard r-p architecturewith a layer stack of
TCQETL/perovskite/HTL/metacontact (Figure 212).14 In case of serransparent PSC

for tandem application as we will discuss in detaChapter3, a earopaque metal contact

is replaced with the TCO layer, and a thin buffeetag generally employed between CTL
andrear TCO contact to protect the layer from the sputtering damage during deposition of
rear TCO contactin general as front contact glass shstrate coatedwith a TCO such as
indium tindoped indium oxide (ITO}kincdoped indium oxidelZQ or hydrogendope
indium oxide IO:H) is utilized, while a metal electrode (gold (Au), silver (Ag), or copper (Cu))
is used as a back contact in order to enhance the optical lesith of incident light due

to reflection. Opaque PSCs aituminated from the glass substrate. In casetloé p-i-n
architecture a ptype selective contact or HTL is deposited firsttlom TCO, followed by
the deposition of a perovskite absorber anah artype selective contact or electron
transport layer (ETL), at the efidigure 212a). The most commonly employedTLs fothe

p-i-n architectureused in the literature arbased or{2-(9HCarbazaeb-yl)ethyllphosphonic
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Figure2-13: Schematic ofreergy levelgliagramfor common electron transport layers (ETIeft), absorber

(middle) andhole transport layersHTL) (right) usedin perovskitesolar cellsaccording to references®: 2%
129, 130]
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Figure2-14: An equivalent circuit of a solar cellth a photocurrent sourcgley) connected in parallel to
diode (p) and shunteries resistancfsy. Furthermore,a series resistands) is consideredn a circuit

Acid (2PACY NiQ and poly[big4-phenyl)(2,4,&rimethylphenyl)amine](PTTA2427 For
the ETL|6,6]-PhenylC61butyric acid methyl estgfPCBM) ané&ullereneGsoare commonly
used in this architecturé®®?7 In addition a thin layer oBathocuproine(BCRis normally
depositedat the ETL/metainterfaceasa holeblocking layein this structure. In case of-
i-p structure, the orderof the CTL is changed (Figuré&2b). Here titanium dioxide(TiQ)
and tin(IV) oxide(SnQ) are most commonlyemployed ETls,124128.129while for the HTL
these are H X H-tetEakiSENTNdi-p-methoxyphenyl: Y Ay Sspicbiifigorene] (Spire
MeOTAD or Poly(triarylamine) (PTAA3%13% In total, depending on the energy band
alignment of the CTL th the perovskite absorber, argenumber ofHTLs and EThave
been developed and employed in BS&& shown irFigure 213.

2.2.4. Photovoltaiccharacteristics

Currentdensityqvoltage characteristics

The most direct method t@nalyze the performance of solar cell arecurrent density

voltage ¢-V) measuremerg by measuringhe currentflowingthrough the celby sweeping
the bias voltageThe basic mechanism of the solar cell is representeddoypglified circuit
that comprises &inglediode, photocurrent sourcea seriegRs) andashunt resistancéRsy)

to indicate any electrical resistancand leakage currentpath due to crystal defects,
pinholes orimpurity of the solar cél*® The diode equivalent circuit éepicted in Figure 2
14, where Ipn, Io and Ish stand for aphotogenerated current byolar irradiation a dark
currentgeneratedoy an idealp-n junctiondiodeanda shunt current originasfrom device
imperfections The correspondingXV characteristic isgiven by the ShockleyDiode
equation

© 0 0O 0 22

00 00 P

Where lp is reversesaturation current,q is the electron chargeks is the Boltzmann
constant Tisthe absolutetemperature andVis the voltage at the terminals of the cell.
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Figure 215: A typical awrrent densityvoltage (V) curve ofa prototype solar cellmeasuredundel

illumination and the corresponding electrical power output densftile green dots are an indication of

XV characteristic: shortircuit current density %9, the opencircuit voltage Yog and the mainum powe
point output (Pvep WhereJ=JuprandV = Vivrr

When the output terminal is shorted of = O the current output of the solar ceWith
considering the ideal cas®{= OandRsn[ ks @alledkcand definedas:
w MO0 0 0Q p m © O O 3

Furthermore, whemo current flonsthrough theidealdevice (= 0)or the outputterminal
isopened Vocis given by

O mnon O "OA®E§]~(D— p T
£0"Y 24
, £ QY . ©
W ; aep <5

Therefore kcandVocare themaximum theoretical valuehat can be achieved for current
density and voltage in a solar céllgure2-15shows thetypical XV characteristiof a solar
cell derived fromEquation2-2. The powerof the solar cell is defined by the product of the
current density and voltageThemaximum power output Bvep is obtained at the point
where the product oturrent density and voltagis at the maximunoperating point of the
circuit

0 0 W 2.5

Theratio between the maximumnternally generated poweto the product ofkcx Vocis
defined as FFwhich determines the closeness tife XV curve of the solar cell to the
rectangle shape (large gray rectangular in Figuit®&p

0 2.6

e P
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Figure 216: The effect ofa)series andb) shuntresistance on thecV curveof the solar cell.

As depicted in Figure-P6, the presence of higRsand lowRshflatten the slope of thelV
curve near theVocand kcrespectively. This dominantly decreadbe value of FF in the
solar cel, ageflectedin the XV curve.Hence, FF cdoe used tadescribea basicfigure of
merit for the solar cellFinally, thepower conversion efficiency (PCéf)a solaiis calculated
by the ratio ofPvrpto the power of incident lightRincideny):

&& 0 2.7
pmit7jAl

5
0 # %~
V)

the Pncidentis considered to b&000W/n¥ as astandardAM1.5G solarspectrum used for
the photovoltaic devicewhich isbased orsimulaion of i KS & dzy Qa NI RALF GA2Y
surfaceaswe will discuss in Section3

External quantim efficiency

The external quantum efficiency (EQE) is a basic measurement for the solar cell that
specifesthe spectrally resolved response of the solar delis defined as the number of
charge caiers collected by the solar celivided bythe number ofincident photons In
general, the EQE is a functiontbé photon wavelengttihat can be used to calculate the
maximum photogenerated currerschievable for a solar cell

O n %1% % ° _ Q 2.8

Hereq is theelementarychargeand - p*V1-5(<) is thephoton fluxincidenton the cellper
unit area atthe wavelength(<). As the EQE measurement is independent of spectral
shape of the light sourcehe calculatedkcby this methodat zero voltage biadetermines
the accurate value compared tme obtained from theXV curve. Monochromatic light is
radiated on the sample and the spectral currgenerated by this excitation is measured.
A typical EQE spectrum of tieSCQwith a pi-n structure is depicte in Figure2-17. In
general, the shape of thEQE spectruroan providenformation about the losses of
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Figure 217: A typical gternal quantum efficienc{EQEDpf a perovskite solar calised in Chapter 6.

photocurrent density due to theombined effect of the total optical lossesg.reflection,
parasitic absorption) and electrical losses (recombinatiéfiy

Hysteresis in thekV characteristics of perovskite solar cells

A commonly observed phenomenonR8Css J}V hysteresis which means differencein

the XV curvesof the device when measured at different scan directidnsyard: kca Voc

and backwardscan Voca k9g.1** This results in different PCEs mainlye to a large
deviation inFF as shown in Figurel8a, thus making it difficult to estimate the accurate
PCE of the PS{ this casemeasuring a stabilized PCE via maximum power point JMPP
tracking under continous illumination is established as a reliable performance
measurementfor PSCs (Figure1Bb)'3® Theamplitude of hysteresis can bdetermined
usingthe hysteresis index (HI), whichdsfinedas:

0# % 0#% 2.9
) 0#%
(b)
20}
i S
1s15}
L
{0 10}
o
1 gl

Il Il Il Il Il O L L L L Il Il
00 0.2 04 06 08 10 12 O 10 20 30 40 50 60 70
V (V) Tracking time (s)

Figure2-18: (a) a typicalcV characteristicof perovskite solar cell (PSC) measuredh shortcircuit to open
circuit (forward scan) and from opetircuit to shortcircuit (backward scan)showing apronourcec
hysteresigblue areaindicatesthe obvious difference iV curvefrom forward and backward scapgb) A
typicalstabilizedpower conversion efficiendPCE) of PSi{etermined by measuring the photocurrent at 1
maximum power point (MPP) under camious AM 1.5G illumination

20



Theoretical Background

e 25 . T T r b Zenith
£ (@) 6000 K blackbody radiation (0) [ ¥
= 2.5f AMO radiation 1 MO
> AML.5 radiation s 60
O 1.5k S g0 AMLE>
© & 48.0
< 1.0} AMO
-c_Es 0.5k : Atmospher AN
. My~ A5
S 0.0LL IRV
n 0 500 1000 1500 2000 2500

Wavelength(nm)
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Depending on the devicarchitecture andkV measurement parameterge.g., different
scanningrates), the degree of hystereseffect can be differentYet, hie exact origin of the
hysteresis has not been conclusively clarifiedarious studies havedentified the
combination ofion migration in theorganicinorganic halideperovskite absorbemland
interfadal trap statesas themain cause of hysteresiwhich originates from the presence
of defects in the crystal lattice of thmerovskitelayer(as discussed in Sectior22).108.13&

138 These mobé ions (with low activation energy can easily migrate towards the
perovskite/ETL or perovskite/HThterfaces and accumulate there, inducing trap states
that increase nofradiative recombination. Moreover, transport processes of targe
carriers anon-selective transport layeralso have a considerabi@pact on hysteresidue

to the slow charge extractiownia the interface and increased influenceioferfacial trap
states'3® This highlight the importance of passivatiostrateges for reducing defects in
the perovskite bulk and surfa@swell asselecting gproper ETL and HWlith suitable band
aligrment relative to the perovskite layer to hinder charge accumulation at the interface,

therebyreducing the hysteresis effe¢t?

2.3.Theoretical efficiency limit of singlejunction solar cel

Due to the surface temperature of the sun (5762 K), the solar spectrum can be described
asthe radiation of a black body at that temperature (Figur&®. The total solarradiance
at the surface of the earth is quantified by thength of the path throgh the atmosphere
(defined asAir Mass (AM) which depends on therientation of the sufight with respect

G2 GKS y2NXIf§

intensitymeasuredoutside thed | NI K Q &
(Figure 218b). However, a certain part of this spectrum is eliminated by passing through
the atmospherdo the Earth's surface due the absorption and scatteringffect, lowering
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Figure 220: (a) Spectral irradiance of the AM1.5Ihe blue area reflects the absorbed part of the <
spectrum for a singkgunction silicon solar cell with a bandgdg)(of 1.12 eV. The light blue and gray a
represent the thermalization and nesbsorbed losses due to the photons withergies above and belc
the bandgap, respectively, calculated frahe ShockleyQueissedimit. Finally, the green area shows
extraction losses that can occur in the solar cell. (b) A schematic illustration of the correspamdiagnénta
loss mechaisms in a simple solar cdilat limitsthe maximum possible efficiency of the solar cElie dati
of the spectral irradiance of the AM1.5G spectrum were taken from referefige |

the intensity to approximately 100.0 mW/cni. The standard spectrum usedorf
photovoltaic device testing is the air mass 1.5G (AM1.5G) speatiithvan incident angle
of 48.2°anda total irradiance of AM'-5= 100.0 mW/cr(Figure 219).19°

Practically, aealsolar celcannotconvert100% of the sunlight into usefelectrical energy
(Figure 220a). In principle, upon the interaction of the incident photons with the absorber
material, only photons with energgqual to bandgapEBh=F) can be absorbeaand
contribute to photocurrent while photonswith lower energy(Erh < Ey) aretransmitted
(transmission loss@sPhotons with energy above the bandg&pne &) are also absorbed
and createelectron-hole pairs, buthe excess energy of thexcited electron or generated
hole is transferred to the lattice vibrations (phonon®) reach thermal equilibriumand
cannot be extracted as electrical energy. These losses are called thermalizationa®sses
illustrated in Figure 220b.24! Additionally, not all generated charge carrierBom the
photons with energyerh=E can be collected and transferred frothe absorber layer to
the electrodegextraction lossjlue to the recombination losses as we disatss Section
2-2-2, thereby,limiting the real device performanceéXonsidering an AM 1.5G irradiance
spectrum,the maximum PCE that can be achieveda singlejunction cellwith a bandgap

of 1.12eV isD 33.4%*?2Thisfundamental efficiency limiis determined byconsideringhe
detailed balanceprinciplewhich was introduced bghockleyQueisser (£)in 1961143144
The modelconsides the emission losses caused by black body radiatibthe absorber
andcalculates the maximum PCE of the solar cell (without imperfectiyrgssuming:
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Figure 221: Maximum(a) power conversion efficiency (PCE), (b) epiecuit voltage Yodg, (c) FF andhort
circuit current (9 limits as a function of the bandgap obtained fro8hockleyQueisser(SQ) limit. Th
triangles represent the currentecords forc-Si(blue), CIGS (green) andetal halide perovskite solar ce
(orange) with consideringM1.5Gsolar irradiancédased on referencelg” 9.

(i) 100% absorptioifior photons withEpn> E;

(i) 0% absorptiorfor photons wih Erh<

(i)  afull generationof electron/holepairsupon absorption

(iv)  100% collectiofEQE= 100%)for allthe photogenerated electrons and holes
(v) Only radiative recombination

the thermalization and transmission lossas well as considerinthe emission losses
caused by black body radiatiaof the absorber(radiative recombination)Figure 221
displays the resultig photovoltaic parameters calculated fro8Q efficiencylimits as a
function of the bandgap obtained for differergolar cell technology§j, CIGS and
perovskitd based on oneun illumination with the standard AM1.5 light spectrdfi?®

2.3.1. Quantification of radiative and non-radiative open-circuit voltage
losses

Asdiscussed in Section2 according to the -8 limit, the calculation othe maximum

conversion efficiencig based orthe detailedbalanced principlé Y Rt f |, %@Hich &
consides the radiative recombinationof electrons and holesas the only allowed
recombinationfor an ideal solar cellThis assumption implies thatll incoming light is
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absorbed by the solar cell and then emits radiatio® O2 NRA y 3 {Accotdifhglyy O] Q&
the saturation current density is defined:as

O N ®O0O % 0Q0 R % 0O0QO0 2.10

Where &) ‘O is theabsorptancewhichis equal to Ffor EonxEjand 0 for Ern Xgyin case of
SQ limit, and%. is the blackbody radiation of the solar cell at temperatufe

¢‘O p ¢‘O

Aooo
i Q"Y 211

0,
Yo oh Aooray p QO

HerehA & t f | y O1Kisithe(pRojona énergyligis. 2t G1 YI yyQa cO2yadl
representghe speed of light imvacuum?!#4147.148The approximate expression on the right

is obtained by consideringhe Boltzmann approximatiorfor E X 3 ksT. The same
assumption is applietb calculate the radiative darlcurrent densityat low mobilitieswvhich

is also referred to as the recombination current denskpwever, in this case, instead of
absorptancethe emitted andabsorptionof the lightis presentedby the external quantum
efficiency!4

O B 0 O% O QO 212

Assuming that all photogenerated charge carriers must radiatively recombi@ealue of
radiative current densityJad) is equal takc Therdore, radiative opercircuit voltage Yoc
rad) IS defined as:

0 ’Q"Yi - 0 O% QO QYI ) 0
m 0 0% QO 1§ 0f 213

However, as discussed in SectiofB,2the real solar cell suffers from neadiative
recombination According tadhe thermodynamic theoryhat allphotons should be emitted
again 0 KS ®&mandd dye to nonradiative recombination in a real solar cell is
correlated to theexternalphotoluminescence quantum yield (PLQY)X%52

. , , QY
W | w w TI 0, 19 214

Where PLQY is defined as the ratio between the emitted photon flux J and the
absorbed photons flux (): 151152
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Figure 222: Spectralresponseof two absorber materialsvith different bandgap i) in a tandem solar ce
for the given solar spectral irradiance (AM1.5G). Based on the detailed balanced model, by comb
two subcells withEg D1.72 (top cell) andg D1.12 (bottom cell), a maximum power conversion efficie
(PCE) of 45% can be achieVEle data of thespectral irradiance of the AM1.5G spectrum were taken
reference [47].

0, 169 0 0
J 0 0 0 2.15

Here X% stands for the genmation current which under opeuwircuit condition is equal to
the recombination currentk = Jad + Jonrad Sincethe net current flowing in the solar cell is
zero. Equation (2.14) is experimentally useful as by measuringdl1Cdun irradiatioand
calculation oVocrag, Nonradiative losses in PSCs can be easily quantfiéefUsingVoc=
QFL&y, where QFLE the quasiermi level splittings defined in Section-2-1, equation
2-14 can be written in the form o2

1&, 3w MDD, 19 2.16
2.4. Tandem solar cells

Operating principle of a tandem solar cell

As we discussed in SectiofB2the PCE of a singlenction solar cell is mainly limited by
two main factors: thermalizationwhich accounts fothe largest source of power loss
(31.7%),and transmission losse§andem solar cells with stacking different absorber
bandgaps have beemursued to considerably mitigate this thermalization lods/
sequentially absorbing photonthereby overcoming thd®?CEof the singlejunction solar
cell. In a double junction tandem, the top widmndgap absorber harvests higimergy
photons but allows lowenergyphotonsto pass through into théow-bandgap bottom cell,
such that itutilizesa wide range of the solar spectrurfhis is the principle concept of a
multi-junction solar cell, as displayed in Figur22 By onsidering the detailed balance
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Figure 223: Schematic illustrations of a (@)terminal (2T) and (b}-terminal (4T) tadem configurations Ir
case of2T configuration both subells are monolithically interconnecteasihile in 4Ttandem solar cell bot
sulcells are optically interconnected and independentlgrk at their maximum power point. Reproduc

from referenceq?3252%3y,

theory, the fundamental efficiency limiincreases to 45% PCE fartandem cellby
combining two subcells with the ideal bandgdfsl2 eV for the bottom cell and 1.72 eV

) [ —
Air gap % by

E

Low Eg material

(c-Sior CIGS)

Rearelectrode

for the top cell) compared to the singjenction solar celt>:154

In general, tandem solar celtan be fabricated in different structures. The most common
configurations are basedn either monolithically interconnected twterminal (2T) or
mechanically stacked foderminal (4T) configurating eachhaving its ownadvantages
and disadvantagefFigure 223).23:2529.33.15¢rom a process development perspectivd,
tandem solar cedl are the simple configuration where two subcells are electrically
independent, as they are stacked separately on top of each ptheis the total power
density isequal toPs1= (IXV1) + (bxV2). This allows higher degrees of freedom related to
the fabrication process as well as the selection of the LJ
(Figure 224a). Therefore, a high PC&an be achieved bwtilizing a broad range of

azfl N OS¢t f

~o0az2N

bandgaps’® In contrast, for the 2T configuration, the two subcells are connected in series,

implying thatthe photocurrent generated in botthe top and bottom subcells must be
identical. Therefore, he power density ofthe 2T tandem solar cellis obtained by
Por=Jx Vot =(V1+tVo) JE ViJ+Vod This results in aurrent matching requirementhat
restricts the bandgap combination of both subcells to a very narrow réRiggire 224b)
and also aises the sensitivity of the configuration to spectral variations compareitie¢o
4T device?®156.157Apart from the current matching requiremerthe processing of the 2T
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Figure 224: Maximumpower conversion efficiency (PQRap of (a)2-terminal (21) and (b) 4terminal @T)
solar cellsas a function of top andottom sulcell bandgapwith considering 100%xternal quantun
efficiency. The dashed linBustratesthe peak efficiencyhat can be achieved by combining the optim
bandgaps of top and bottom subcells. Adapted fraference[*].

configuration is more challenging as the top solar cell is directly getem the bottom
cell, meaning that the top cell fabrication can easily damage the underlying |&erthe
other hand, thanks tdhe series connection, the monolithic tandeanchitecturerequires
only two externalterminal connectorgcontrary tothe 4T configuration with 4 external
terminals), which reduces the step andhore importantly, only one of the contact
electrodes must be a tresparent layeto transfer thelight into the device. This significantly
reduces the parasitic absorptidn this configurationthereby implementingsignificantly
lower optical losses to the overall device performanté!>°In contrast as the top and
bottom cells inthe 4T tandem solar cell is optically interconnected, it utilizisee
conductivetransparent electrodest: 1)the front side ofthe top cellto transmit the full
spectrum 2) therearsideof the top cell an®) the front sideof the bottom cell to transmit
nearinfrared region photons, as illustrated in Figurd2 As a resultthese TCO electrodes
along with additionatharge transport layerand optical spacer imgimore parasiticand
reflection losses in this configuration that consequently lower the practical tandem
performance Recently, monolithi@T architecturawith one terminal at the front and two
terminalsat the rearcontacthasattracted scientific interestn photovoltaic researcA®%
1621n contrast to the 2T with serssconnection, this configuration does not require a current
matching between the subcells, exhibiting the next step in achieving higher energy vyield
which is theaccurate figure of merit fodeterminingthe realistic outdoor performance of
the solarcell.
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3. Materials, Devices and Characterization Methods

In the following chapterwe presentall the experimental methodsind characterization
used in this thesifor the deposition ofall layers relevanto the fabrication of opgue and

semitransparentperovskite solar cedl(PSC) antheir integration into the tweterminal

(2T) and fouterminal (4TYXandemconfigurations

The first section provides the readeiith detailed descriptions of the materials, device
architecture (standard n-i-p and inverted pi-n planararchitecture and the deposition
process (spitoating, thermal evaporatigrsputteringand atomic layer deposition (ADD)
of PSCThe secondectionfurther explains the workingnechanisnof the measurement
techniquesused in this workncludingoptical, electrical and materiaharacteristicsuch
as ultraviolet-visible spectroscopyphotoluminescence spectroscop)ray diffraction, X
ray photoelectron spectroscopy, scanning electron microscafmymic force microscopy,
along with currentdensitygvoltage characteristicsmaximum power point tracking
measurementgxternal quantum efficiengydeality facta of the devicesand $ace charge
limited current.

3.1.Perovskite solar cell fabrication

In this thesiswe fabricatedPSC based dmwo different types of planar architecturegi)
standard ni-p (ii) inverted pi-n. The discussions below describe tineaterials and
fabrication of eacltayer.

Material for preparation of the electron transportayer (ETL$olution

Nanoparticlebased SneXnp-SnQ; Alfa Aesar)
FullereneGso (Gso; Sigma Aldrich)

Material for preparation of the perovskite solution:

Lead iodide (PBITCI)

Lead bromide (PbBrTCl)

Lead chloride(PbCl; Merck)

Formamidinium iodide (FAI; Dydssond Dynamp
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Cesium iodide (CsBigma Aldrich and Abcr
CesiumChloride(C<t Abcn
Methylammonium Bromide (MABDynamo)
Methylammonium Chlorid¢MAC| Dynamq

Material for deposition of the 2D/3D perovskite heterostructure:

n-butyl ammonium bromide(n-BABr Greatcell solar)
2-phenylethylammonium chloridéPEACI; Sigma Aldrich)
2-phenylethylammoniunbromide (PEABTr; Sigma Aldrich)
2-phenylethylammoniunmodide (PEAI; Sigma Aldrich)
n-Butylammonium Chloridén-BACI; TCI)

n-Octylammonium Chloridgn-OACIGreatcell solar materia)s

Material for preparation of the hole transportayer (HTL}olution:

H Z H -tétrakis[N,Ndi(4-methoxymenyl)aminojd 2- ¢
spirobifluorene(SpiraleOTAD Luminescence Technology)
4-tert-butylpyridine (4tBP; Sigma Aldrich)

lithium bis(trifluoromethanesulfonyl)imide @iFSI; Sigma Aldrich)
2-(9H-carbazoi9-yl)ethyl)phosphonic acikAC; TCI)

Material for Buffer layer.

molybdenumoxide (MoOxSigma Aldrich)
Tin oxide (Sng)

Material for anti-reflection coating
Magnesium fluoride (Mgf-Sigma Aldrich)
Solvents

Dimethylformamide (DMF; Sigma Aldrich, anhydrous)
Dimethyl sulfoxide (DMSO; Sigkrich, anhydrous)

1 -butyrolactone(GBLMerck)

Ethyl Acetate anhydrou&A Sigma Aldrich, anhydrous)
Ethanol YWR Chemicals

Isopropanol PA;Merck)

Chlorobenzene GB;Merck)

Preparation of transparent conductive oxide

In general, tass substrates coated wittnansparent conductive oxid€rGO) were cut in

0.16 cm x 0.16 cm and cleaned with acetone and isopropanol in an ultrasonic bath for 10
minutes each. The substrates were further treated with oxygen plasma for 3 min before
the next step ofdeposition Twodifferent front contacts and two different back contacts
TCQwere used in this thesig-or front contactgpre-patternedtin-doped indium oxidelTO
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Figure3-1: Schematic illusation of perovskite absorber layer deposition.

S
<
3 &
O ()
\d S
& S
> 9
V <
Q’

l

purchased commerciallfLuminescence Technology, K SS i NB & A & @40 yyir®S wmp
thickness, CAS: 509281-9) or in-house hydrogerdoped indium oxide (IO)H(sheet
resistance22 m g, 230 nm thicknessgputtered bythe collaboration partneZentrum fir
Sonnenenergig(ZSW))were employed. For back TCO;hiouse sputtered ITOskeet

NB & A & i I 36Q6 nro thickwegrs) ainc-doped indium oxide (IZQ@heet resistance

np miadmhickness) were usefibr fabricating semtransparent PSCYhe inhouse

TCOs were patterned bgser scribing using pulsed laser ablation

3.1.1. Opaque ni-p perovskite solar cell

The fabrication obpaquen-i-p PSCsused inChapter 4 andChapter 5,comprises of the
following device stack:Gass/ITO (front contact)SnQ (ETUCs.1#7A.sPb(kyBr)s;
0.24%§ X.56 (double-cation perovskite)Joiro-MeOTAD(HTLJAu (Back contact)

Deposition of electron transport layer

The precursor solution was prepared by diluting a 15 wt% aqueous colloidal dispersion of

SnQ nanoparticles indeionizedg I G SNJ G2 | O2y OSy G4 NI 8oty 27F H
SnQ ETL was deposited on the ITO substrate by spin coating (4000 rpm foir3the)

ambient atmosphere, followed by an annealing step at 250 °C for 30 min and oxygen
plasma treatment for 1 min.

Deposition ofthe perovskite absorber layer

The perovskite precursor solution was prepared by dissolving 0.83 fAjdD.17 mmol

Csl, ((z; 3 x y))/2) mmol Phland (3/2 x y) mmol PbBimn a 1 mL solvent mixture of DMF:

DMSO 4:1 (v:v). Irthapter 4, this composition was prepared based om0y4
(C9.17FA.83Pb(b.sBro.4)3) with a bandgagi) of 1.72 eV. Accordingly, @©haper 5 thevalue

2F N O2yiGSyid OKIFIYy3ISR 0SG6SSY nodun X & X nc
layers with various bandgaps between 1.65 to 1e85 The doublecation perovskite

absorber layer was deposited frothe solution on top of the Sn@layer insideof the

gloveboxby a twostep spin coating process: i) 1000 rig@meceleration2000 rpm/s)for 10

s, ii) 5000 rpm(acceleration2000 rpm/s)for 30 s.100 uLCBwas poured on the spinning
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substrate 10 s before the end of the second step. The samples were annealed at 100 °C for
30 min inaninert atmosphergFigure 31).

Deposition of interlayer 2D/3D perovskite heterostructure

The interlayers were processed by dynamically spin coatind)(§@® for 30 s) 100 pL of
n-BABr dissolved in isopropanol (concentration of 2, 5, and 7.5mihgn top of the
perovskite absorber layer and subsequent annealing at 100 °C for 5 nan imert
atmosphere.

Deposition ofhole transport layer

TheHTLprecursor solutiorwas preparedvith 80 mg spireMeOTAD dissolved in 1 nLB

with 17.5 pLLFTFS(520 mgml in acetonitrile) and28.5 pL4-tBPadditives The solution

was depositednside of the gloveboky spin coatingnethod with a speed o#000 rpm

1000 acfor 30 s followed byexposureto dry airA Y F H p sz NBE I G A OFr KdzY AR
Fmu K

Thermal evaporatiorof metal backelectrode for completing opaque PSC

In this step, the edges of the perovskite substratesre swiped using GBlo allow the
depositedback electrode to connedo the front electrode Eventually, &r completing the
opaque PSCas shown inFigure 32, a60 nm thickgold @Au) electrodewas evaporated
directly on the HThy thermal evaporation through shadow masks to define the active area
to 10.5 mn% (Figure 32).

3.1.2. Semi-transparent rvi-p perovskite solar cell

For preparingsemitransparentPSQGvith an active areaof 10.5 mn#, the following device
stackis utilizedin Chapter 5Glass/ITO/SnfDCs.17/.s3Pb(LyBry)s; 0.244y HD.56 Spiro-
MeOTAD/MoG/Au/ITOMgF, (Figure 32).

Thermal evaporation of buffer layer

After deposition of HTLspirooMeOTAD, a thin layer oMoOx (10 nm)as a buffer layewas
evaporatedat a rate of 0.8 A*$using a Lesker Spectros system at 6 % dibar pressure
to protect spiroMeOTADduring sputtering ofear contact on top of that

Souttering of rear transparent conductive oxide electrodi®ar completing senu
transparent PSC

In the next step, the edges of the substrates were swipgidg GBL tsnduce a connection
betweenthe rear and front electrods The semitransparent PS@ascompleted bythe
deposition ofa TCO electrode on the rear sideor this reasonaf m glé0nm ITO layer
(used in Chapter 5) wakepositedusing a Kurt J. Lesker RYBthinfilm deposition system
with sputtering parameter®f Power 50 W, substrate temperature 25 °C, deposition time
=2300 s, pressure = 0.8 mTand O, to argon ratio =2.5% Toenhancethe rear ITO
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Figure3-2: Schematic illustration of the opaque and sema@insparent perovskite solar cell (PSC) fabrice

based ontwo n-i-p and pi-n architectures.
32



Materials, Devices and Characterization Methods

conductivitg 7% nm Au fingers were deposited by thermal evaporation at a rate a2 A
using a shadow mask.

Thermal evaporatiorof anti-reflection coating

Finally,to further improve thenearinfrared (NIR) transmittance and light-toupling as
well, 150-155nm Mgk as an antireflection coating was deposited by thermal evaporation
on top of the rear ITO usirigesker Spectros PVD system at a ratecdf & ' at 6 x 16°
mbar pressuré®1%4|t should be mentioned thadeposition of the layers by theputtering
system does not producgharp edgesluring the process, as it is ndirectional Therefoe,

a shadow mask witlthe defined areawasemployed to make an accurate active afea
the characterzaion of thesesemitransparentPSCs

3.1.3. Opaquep-i-n perovskite solar cell

The fabrication obpaquep-i-n PSCsused inChapter § comprises theollowing device
stack:Glas8TO (front contact) 2PACz (HTL)Cs.1sFA.s2l3/ Gso (ETL)BCP/Ag (Back contact)
(Figure 32).

Deposition of hole transport layer

The 2PACz precursor solution was prepared by dissolving 2P&@wdrous Ethanol with

a concentration of 1 mmoihl. The prepared solution was put in an ultrasonic bath for 15
min before it was usedA thin layer of 2PACz HTL was deposited on the ITQratgbby
ALAYTO2F GAy 3 | sobsequentyNdniéaled at OO 6Cfor 0 miny R

Deposition ofthe perovskite absorber layer

C9.18FA.s2Pbk (B F 1.57 eV)

Reference perovskite film{Ref) The reference doubleation perovskite Gsdg-A.sPbk
precursor solution was prepareaccording to the literaturdoy mixing Pbl(507 mg: 10%
excess of Pb), CsCl (30 mg) and FAI (172 mg) in 1 mL solvent mixture of DMF:DMSO 4:1
volume ratiol®® The reference perovskite film was deposited on the substteieg two

steps spin coating method} 1000 rpm(acceleration2000 rpm/s)for 10 s, ii) 5000 rpm
(acceleratior2000 rpm/s)or 30 sat 1000 rpnis for 30 s. 150 phantisolventCB was quickly
dropped on the spinning substrate 10 s before the enthefsecond step spheoating. The
samples were then annealed 850 °C for 30 min side the glovebox.

Surfacepassivated perovskite filn{SP)1n case opreparingthe surface passivation layer
PEACKkolution dissolved in isopropanol (optimized at a concentration of 1g/mtb) is
dynamically spircoated on the surfacef the reference perovskite layer with a speed of
5000 rpm(acceleration 2000 rpm/dpr 30 s following with annealing at00 °C for5 min.

Grain boundary passivated perovskite fil(GBP) For preparing thgerovskite absorber
layer withgrain boundary passivation, 25 pL of BHREACI solution with molar ratio of
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1:1 dissolved in 1 mL DM§@ptimized at a concentration of 2 mo)¥vas added in the
reference perovskite precursor solutioim the next stepthe precursor solutions are spin
coated on top of ITO/2PACz asdbsequetly were annealed at 150Cfor 30 min In the
case of preparing the grain boundgrgssivatecperovskite layer based on othehloride
based longchain organic alkylammonium salig-BACI anch-OAC) the same procedure
was applied.

Deposition of interlayer 2D/3D perovskite heterostructure

Thegrain boundary & surface passivated perovsk{teBP&SP) layaire prepared bythe
spin coating oPEACI interlayer on top of ttgrain boundary passivatggerovskite film,
followed by annealing at 100 °C for 5 nmra nitrogenatmosphere.

C9.17FA.83Pb(b.9oBro.og)s (E5F 1.6€eV)

Dual passivated perovskite layer The precursor solution of thedouble-cation
Cs.17A.83Pb(b.o2Bro.og)z perovskite absorber layer was prepared by dissolving 0.83 mmol
FAI (143 mg), 0.17 mmol Csl (44 mg), 0.88 mme(#41 mg, 10% excess of Ppband 0.12

mmol PbB (46 mg) in a 1 mL solvent mixture of DMF:DMSO 4:1 volume Adterward,

as a bulk pasgation additive,35 pL of PbCl:MACI solution with amolar ratio of 1:1
dissolved in 1 MDMSO was addetb the reference perovskite precursor solutiofihe
solutionwas depositecbn top of the HTBD & | (G g2madSL) ALIAY O2F (GAy:
(acceleration2000 rpm/s)for 10 s, ii) 5000 rpigacceleration2000 rpm/s)for 40 s. 150 uL

CB was poured on the spinning substrate 20 s before the end of the second step. The
samples were annealed at 100 %€ 80 min in an inert atmospherén the next stepas a
surface passivation interlayer, thd®EACIsolution dissolved in IPA (1.5 mg/ml
concentration)was depositedon top of bulk passivategerovskite filmwith a speed of

5000 rpm écceleration2000 rpm/9 for 30 s followed by annealing at 100 °C for 5 min in
anitrogenatmosphere

(C3%.05MA0.22FA.73Pb(b.77Br0.239)3 (E;F 1.68€eV)

Dual passivated perovskite layerThe precursor solution of thedouble-cation
C%.08MA0 22F A 73Pb(b.7B10.23)3 perovskite absorber layer was prepared by dissol¢i2d M
Pbb (558mg),0.37M PbBg (136.5mg), 1.11M FAI (1 mg), 034M MABr (38.2mgand
0.075Csl 19.5mg) in a 1 mL solvent mixture of DMF:DMSO 4:1 volume iatihis case,
as an additive for the bllpassivation strategy).25 mg of PEAkasincorporated ino the
precursor solutionsThe perovskite films were spicoatedon the substratedy a twostep
program:1000 rpm &cceleration200 rpm/s) for 10 s and 5000 rpnag¢celeration2000
rpom/s) for 30 s. 15 after the start of the seconé ( S LJ>  mEAwas polired @fhe
spinning substrateThe samples were then annealed at 100 °C for 45 mannitrogen
atmosphere.Here we introducedl nm lithium fluoride (iF by thermal evapmation
between the Perovskite and ETL which is usasl a common effective interlayer for
reducing interfacial recombinatioff:50.166
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Deposition ofelectron transport layer

23 nm Gp as anETLand 3 nm BCP as a hole blocking tayere thermally evaporated,
respectivelyat an evaporation rate of 0-0.2) /sanda pressure of around ¥f0mbarusing
a Lesker PVD system

EBvaporation of metal backelectrode for completing opaque PSC

In this step, the edges of the perovskite substratesenviped using GBAnd the opaque
devices are completed b @I LJ2 NI (1R5MaEh) agahack dontact through shadow
masks using a Lesker PVD systemefine the active area to2l5 mnv.

3.1.4. Semi-transparent pi-n perovskite solar cell

For preparing serransparent PSC with an active area56fmm?, the following device
stack is utilized in Chaptes: Glass/ICH 2PACIKCs.17+A.s3P0(lo.9Bro.0s)3/ G/ SNQ/I1IZO
Au/Mgk (Figure 32).1t should be noted that hermstead of using ITO for the front contact,
we employed I0O:H to further reduce the optical loss&s, particular in the NIR
wavelengthst®’

Atomic layer deposition of buffer layer

For fabrication of serdiransparent pi-n PSC, instead of BCP after depositionsgfalhin

layer of SnQF 35 nm) was depositedy reactive ALD (Picosun R200) using TDMASN (pulse
time 1.6 s, purge time 12 s) and water (pulse time 0.1 ggg@time 16 s) as SnOx precursors
and highpurity Ar (99.999%) as carrier/purge gas. The line flows of TDMASNn and water
wereset to 120 and 150 sccm, respectively. The TDMASNH source comaspreheated

for 1 hour at 70 °C, to ensure thermal equilibriiilne deposition of the buffer Sh@yer

with high transparencywhich alsacts as aarrierselective contagtis mainly due to the
protection of the underlying organics€zand perovskite layer from thsputteringdamage
during the deposition ofear TCO?6:168

Souttering of rear transparent conductive oxide electredfor completing pi-n
semttransparent PSC

In the next step, a 165 nm of 1ZO agransparentrear electrode is sputteredhrough a
shadow mask with an active area of 50 Aamd sputtering parameter®f power 100 W,
substrate temperature 25 °C, deposition time2555 s, pressure 4.5 mTorrand O; to
argon ratio =1% It should be noted that here we replacéte in-house sputtered ITO rear
electrode used in Chapter 5 witlthe in-house sputtered 1ZO rear electrode further
reduce theabsorption losse$?>167169Finally, the semiransparent pi-n deviceswere
completed by deposition oAu fingers by thermal evaporation at a rate of 2"Ausing a
shadow mask
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Figure3-3: Schematic illustration of &terminal (4T) perovskite/Si or perovskite/CIGS tandem solar ¢

Thermal evaporatiorof anti-reflection coating

For this case, a 165 nMgFR was depositedn top of the rearZO at a rate of 84 A &' at
6 x 106% mbar pressurewhilewe attached plydimethylsiloxane (PDMS) améflectionfoil
textured with randonty-inverted pyramidson the backside of the 10:lffont electrodeto
achievebetter light trappingas well asnore transmissiorfrom the top semitransparent
cellinto the bottom cell for 4T tandem configuratidr®t73

3.1.5. 4-terminal perovskitebasedtandem solar cell

As we discussed in Chapter 2, in case of 4T tandem solabotiltop semitransparent
PSC and bottom-8i or CIGS bottom cells are independently electrically connected while
they are optically interlinked. As a result, iebricated semitransparent PS€(as the
fabrication process was described $ectiors 3-1-2 and 31-4) and measured their PCE
exactlyin the same way as thsinglejunction opaque PSC. On the other hand, the PCE of
the bottom cells was measuremhile afilter of top semitransparentPSQvith the opposite
front TCO electrode is applied on topthe bottom cell as illustrated in Figure43It should

be mentioned that dilter comprisesof the same layer stacknd optical properties as the
semtitransparentPSCbut with a larger areaA shadow mask with an aperture area of
165mm? was used to defin@n aperture area in order to measure the bottom solar cells.
The final PCE of the 4T devices is calculated by the sum of PCE obtained individually from
the topsemitransparentPS@ndbottom ¢Si or CIGS solar cethen operating underneath

the semitransparent PSC filtelThe bottom eSi used fofabricating 4T tandem solar cells

is an interdigitated back contact (IBGyicsolar celprovided by a collaboration partner
from Institute for Solar Energy Research GmlgFHt’4 and CIGS solar cell was provided
by the colldorator Zentrum fiur Sonnenenergie und Wasserstdfschung Baden
Wirttemberg (ZSWA’®
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NiQ/2PACz Perovskite

Figure3-4: Schematic illustration of the fabrication process faeBminal (2T) perovskite/silicon tandem sc
cell.

3.1.6. 2-terminal perovskite/c-Sitandem solar cell

2T perovskite/silicon tandem solar cellvere fabricated in the g-n architecture. The
silicon solar cells used in this thesis were provided by a collaboration partner (Meyer Burger
company) with a size f00.16cm x 0.1&m. It should be mentioned that the ITO
recombination layer was already formed by the company on the front side of the substrate
asillustrated in Figure 3. We started with cleaning the silicon wafers by usacgtone
and isopropanoVia spin coatinghe substratesAfter that, he back contact was formed by
thermal evaporation o800 nm silver with arear of 0.5A s*! at the backside of the silicon
wafers wsing a shadow mask with an active area of 50%nfror deposition of HTh, very
thin layerof NiO« (15-20 nm) was sputtered in a pure argon atmosphere a pressure of 1
mTorr and a power of 8 Wi a PVD 75 Prhine sputter system (Kurt J. Lesker Company)
The purposef the NiOx layer prior to deposition of theedf-assemblednonolayer(2PACz)
was to enhance thewfacecoverageof the 2PACz on the substrat® The samples were
then transferred to the glovebox for deposition PIPACzAt the next step, widdbandgap
doublecation CsosVIAg.22FA 73Pb(b.7Bro.23)3 (By =1.68 eV)and G layerswere deposited

in the same way ase proceededhe perovskite singlgunction devicesAfterward,athin
layer of Sn®@(35 nm) wasdeposited by reactivéALD similar to the fabrication of semi
transparent pi-n PSCFor deposition of théransparent front electrodel60 nm ofthe 1ZO
layerwassputteredunder the same condition ke fabrication of pi-n semitransparent
PSCFinally a eshaped silver electrodevasthermally evaporatedusing a mask witkan
active area of 8 mm?. At the final step, 150 nraf Mgk wasemployedasan antireflective
coating.

3.2.Characterization technigues

3.2.1. Currentdensity-voltage characteristic

As discusseth Chapter 2,he standard test condition for measuring the current density
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voltage (KV) characteristic of a solar cell iifluminated with a reference AM.5G (100
mW/m?) solar spectrum ahe temperature of25 °CThe typicalkV characteristic of a solar
cell isshownin Figire 2-15. In this thesis, the measurement was carried out using a solar
simulator Newport, Oriel Sol3Avith a xenon lamp (Osram Licht AGp adjust the light
intensity tothe global standard AM1.5G speatnyit was calibrated using a certifiesilicon
solar cell (Fraunhofer ISE) equipped with a KG5 bandpassf@itd?SC an@ K@ for
monolithic perovskite/silicon solar cell. Meanwhile, during the measurement, the
temperature of the devices was controlleg a housemade sample holder that isith a
Peltier element for cooling and heatingo take into account the effect of thgysteresion

the performance of the perovskite solar cell (as discusseSertion2-2-4 and Figure 2
1738, we measured the devicesith a constant sweeping ratef 600 nV/s in both
backward and forward directian To derive a reliablrCEf the PSCdue to the hysteresis
effectwe measured thestabilizedPCEinder5 mincontinuous illuminationFigure 217b)

at a constant voltage close to the maximum power pdMPP (Chaptes 4 and 5 and at

the MPP (Chaptersd@nd 7).

3.2.2. External quantum efficiency

As we discussed in Sectior22 in Chapter 2the external quantum efficiencyHQE is
measuredo determinethe spectrally resolved response of the solar delkhis thesis, the
EQE measurement was performed BYE300 photovoltaic QE system (Bentham EQE
system) with a chopping frequency &7 Hzandan integration time of 500 m® obtain

the spectraa wavelemgth range from 300 to 850 nmAn illumination spot (1.8nm) was
utilized to acquirethe average in the EQE spectlae to the variation introduced by
inhomogeneous scattering and transmission from the perovskite ldtyshould be noted
that the reported kcfor the 4T devicesn Chapter fand 7 andhe bestperformingPSC
Chapter6 is corrected using the ratio dcderived from the EQE aniV measurements

to obtain a further accurate determination of tliecand thusPCE for the fabricated devices

3.2.3. Ultraviolet-visible spectroscopy

Ultravioletvisible (U\-Vis) gectroscopy is an analytical techniqgueto measure the
transmitance(T) and reflectanceR) of thin films. In this measurement)ight beam is split
into a monochromatic light(with the desired wavelength)focusng on the sample to
measure either the reflection at the sample or the transmission through the sarple
central componenin both cases israintegrating sphergwhere its interior isan almost
perfectly diffuse reflectindpody (Figure 35). When transmiitanceis measured, the sample
is attachedo the input port of the integrating spherend theexit sideis closedby a white
standard (Figure-5a). In case ofeflectane, the sample isttachedto the exit side othe
integrating spherandirradiated by an incident beam through the entrance p@Rigure 3
5b). The transmitted or reflected light is collected using a detegitaced inside an
integrating sphere Typical transmittance and reflectance spectod the perovskite
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Figure3-5: lllustration of (a) transmittance and (b) reflectance principle. The typical (c) transmittance
reflectancemeasurement of serfiransparent perovskite solar cell used in Chapter 5.

absorber layeis demonstrateal in Figures &c and d.For calibrationat the beginninga
zero line and a 100% signal are measuvdthout a sample.The absorptance (A) is
determined by usinghe following equation:

TR/ 3.1

Moreover, this measurement can be used to calculate #tsorption coefficient of a thin
film with a thickness odl, which describetiow farthe light canpenetrateinto the material
before it is absorbedTherefore, according toambert. SSNRA | &

p. O p. p Y 3.2
L gy gl tey

Wherelo is the incident light intensity antlis the light intensity after passing through the
perovskite layerBy knowing' and the energy of the photon@Q), the optical i of the
perovskite can beletermined from a Tauc plot method using the following equatfioh:

1" 7886 Q 0O 3.3

where x is defined asthe nature ofthe electron transitionand is equal to 2 for the direct
bandgap semiconductofd® By plotting | 'Q as a funcon of 'Q , the bandgap is
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estimated by thentersection of the linearly fitted region and theaxiswhere | "'Q =0.In

this thesis the transmittance and reflectance measurements of the perovskite absorber
layer were performed using a PerkinEImer Lambda 1050 spectrophotomisieg an
integrating sphereWe set thellumination spot as large as possible to avertdgepossible
inhomogeneities of the films.

3.2.4. Photoluminescence

In a semiconductor, when the energy of the incident photons is equhigher thanthe
bandgap, a transition of an electron from the valence band to the conduction band occurs,
resulting in a generation of electremole pairs (se€hapter 2 Section 2). The emission

of light or photons due to the radiative recombination oé#efree electron and holgairs

is calledphotoluminescence (BLSteadystate and timeresolved photoluminescence are
two well-known PLspectroscopy techniquethat are used todetermine the optical and
electronic propertief the thin film In case of steadsgtate PL, the average emission

the scale ofmicroseconds to milliseconds measured through the samples upon
excitation. Contrary to steadstate PL spectroscopy, in TPRL measureneeshort light
pulse ina scale opicosecond ofemtoseconds used tagenerate free chargearriers. This
allows us to invstigate the dynamic process occurring in the sample after excitation such
as temporal decayn PL spectra, thus providing useful information on thearge carrier
recombination dyamics As discussed i€hapter 2 not all excited electrons can be
radiatively recombined, as the presence of the defects enhances the possibility of non
radiative recombinationguch as tragassisted nofradiative recombinatioh As a result, a
shorter Ifetime of charge carriers reflects the low quality of the absorber layer due to the
enhanced norradiative recombination losses.

In this thesis, TPRheasurements werg@erformed in the air for the perovskite absorber
layer in gatedmode with a pulsed lasesf 532 nm For the excitation of the sample, a
repetition rate of 1 kHz and a pulse width of 0.8 ns wamployed All measurements were
carried outwith a pump fluence of ~280 n¥cm?. ThePL emissiowasdetectedusing an
ACTON spectrometer and a CChhes PIMAX512 at room temperature.

3.2.5. X-ray diffraction

Xray diffraction (XRD)is a prevalent technique © determine the crystallographic
properties (crystallite grain size and preferred orientation, lattice parameter$ of the
material based on interaction of -xay wavesin a crystalline substanceFigure 36
demonstrates achematiaepresentationof the working principle of XR&/henthe X-rays
with the wavelengths in the same order g spacing atomkitsthe periodically arranged
atoms it is scattered from the crystal plane, resulting gonstructive and destructive
interferencel OO2 NRA y 3 offiffracteh 33 Qa f I &

cogiin 1 0 34
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Figure3-6: (a) Xray diffraction (XROh accordance with N} 33Qa fF b 6060 | (@

a doublecation perovskitdayerused in Chapter 4.

where d is the distance between the crystal lattice planes of atetisthe wavelengths of
Xrays, Aa (KS Ay Ox&Sandn idaahstaBuefueitlgdstectingthe
intensity of the diffracted Xays as a function dfcattering anglgrovides information on

the density of the electrons that can determine the mean position of the atoms within the
crystal. Therefore, the XRD pattern exhibits fhasition and intensityof the resulting
diffraction peakswhich is as unique as a fingerprint and can be useddentify the
unknown materialand its phaseln this thesis, XRD measurements were condudted
determine the crystal plane diffractidnom 2D-RPperovskiteand 3D perovskite absorbers.
The crystal structure of the perovskite layers was carried olizung XRD (Bruker D2Phaser
system) with C&¢ ' NJ R« 115405 \A) ird BragBrentano configuration using a
LynxEye detectoHighresolution XRD was performed by a Bruker D8 DISCOVER system
with CuY h NI RA | (icBrényanoicghfiguratibn3 3

3.2.6. X-ray photoelectron spectroscopy

To analyze thehemical composition and the chemical environmehthe material on the
surface of thethin film (probing depth ofa few nanometers),X-ray photoelectron
spectroscopy (XPS)as a surfacesensitive techniqueis used. This is based dhe

photoelectriceffect by utilizing Xray illumination to ionize the atomgexciting electrors

from a core level into the vacuunand probing the kinetic energieqEk) of the ejected
photoelectrongFigure 37 a). Asthe E of emitted electrons is detectedhebinding energy
(&) of the excited electroms calculated byhe following equation

O M O %o 35

whereQ is the energy of the -Xay photors and %ds the work function (energy difference
between the vacuum level and the Fermi lewaljhe sample As the binding energy of the
core level electrons for each element is specific and dependse chemical environment
therefore, it providesnformation aboutthe elemental composition and theondsat the
surface.The sensitivity toward surfacghemistryarises from aelatively shortdepth that
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Figure3-7: Schematic illustration athe X-ray photoelectron spectroscopXPS) principlgb) A typical XF
survey pattern of doubleation peroskite thin film used in Chapter 4.

a photoelectron can travel beforelibsses its energy due an inelastic scattering process
with another electron, a photon, and/or composition imiyr

In this thesis, we used the XPS technique to determine the chemical compositional changes
at the surface of the perovskite absorber layer upon deposition of the ultrathin 2D RP
perovskite layer. Figure-B demonstrates an XPS spectrum of the perovskite absorber
layer used in Chapter 4, in which the intensity of tletected photoelectrosis plotted as

a function of binding energy (in eMjach elemenexhibitsa distinct set of XPS peaks
correlated tol KS St SO0 N2y, 84, 1 2sy Zp AeEeN®P S rheaisurement in
Chapter 4 was carried out hyHV experimental system in the Materié¢s Energy (MFE)

Lab at KITby Dr.Dirk HauschildThe samples were sealed undergan gas and introduced

into the ultra-high vacuum (UHVYystem via an Ajon-filled glovebox without air exposure.

The UHV experimental system was equipped with an Omicron Argus CU electron analyzer,
I 5!'w npn G6AY |y 2R$sodeaFand¥arHe gay dischiarfe lathp 0
order to avoid beamnduced chages due to Xaysprior to the reported measurements
extensive timeresolved measurements were performed to characterize beam damage.
Based on this study, measurement times of 10 min (or less) for XPS were determined
suitable to avoidthe influence of beamnduced changes on the spectr@he XPS
measurement in Chapter 6 was performed Dy. Fredricks at InnovationLab GmbH in
Heidelbergusing ghotoelectron spectroscopy with a PHI 50@6rsa Probet the Cluster

tool.

3.2.7. Scanning electromicroscopy and cathodoluminescence

Scanning electron microscopy (SEMpne of the main techniques famagingthin films
(surface, crossection) with resolutions less than @m which can provide useful
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Figure3-8: lllustration of the incidentelectron beaninteraction with the sample, generating variety effe
at different depth of thin fil. For@nning electron microscopyhe secondary electrons are collected .
detected for surface imaging.

information about the microstructure and compositi@f the layerln principle, inran SEM
setup, a thermionic electron gun produces electron beams that are accelerated and then
concentrated andfocusedby a series of electromagnetic lensksfore being directed
towards the sampleThe focused beam@svith kinetic energies in the keV rangeoved
across the sample surface via scanning cbifpon impinging of these electrdmeams at
various depths of the surfacejultiple processe®ccurincludingreflection of high-energy
backscattered electrongBSE, emission of lowenergy secondary electrongSEs) by
inelastic scattering and Auger electronkich are detected by specified detectqEigure
3-8). Apart fromelectron signals, a broad spectrum of electromagnetic radigigonission

of Xrays and cathodoluminescence (Girgalso detectedFigure 38).17°The SEM images
are captured based on using SEs and BSEs. Owing to low kinetic energy atleeSifted

only from the top few nanometers of the samples and canlétctedeither at a lowangle
cone to provide information on material contragtr at high angles timagethe surface
topography of the sample. Furthermore, highergyBSEsre emitted from the deeper
regions of the samples, yielding information on compositional and elemental distribution.

In this thesiscrosssectional and topriew SEMmages of all perovskite thinlis were

performed by hgh-resolution field emission SEM using a Zeiss LEO15SEM® A 1 K |y A Y1
lensandsecondarydetector and an aperture size of 20 um. The SEM images were captured

using a &V acceleration voltagé\s we mentioned abovelectron beaminteraction with

the samplecan also excite an electron from the valence band to the conduction band.
However, due to the high energy of primary electromsglastic scattering of these
electronsgeneratessecondary electronsAuger electrons and-Kys Sibsequently, these

are the secondary electrons with eneryee timeshigher thanthe bandgapf the sample

that can promote thevalence electrons into the conduction bandpon thermalization,

the electrons and holes combine radiatively, resulting ineh@ssion ofphotons with an
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energy range between 0.5 to 6 ¢khown as CL)his technique can be used for controlling
the quality of the samples and detecting thstructural composition electrical
conductivity/insulating feature and defect distributionThe CL measurementwas
conductedat the Australian National Universityy Dr T. Duong usiran FEI Verios SEM
equipped with a GatanMonoCL4 Elite at 3dd¢elerating voltagé 25 pAbeam current
The CL images were captured in panchromatic mode vaeiipropriate dichroic filters
(bandpass filter with 500 £ 40 nm)

3.2.8. Atomic force microscopy

To determine the surface roughness and topography of the perovskite filmes femv
nanometersscale, atomic force microscopy (AFMgchnique is usedThis technique
comprises a cantilever with a smakdius tip for probing the surface, a fequadrant
photodiode, a scanner unit and a lasém principle, there are two different modes of
measurement:static contact and dynaminoncontactor dynamic contact. In a contact
mode, ace the tip is in contact with the surface, te&aticdeflection of the cantilever due

to the forces between tip and sample suals mechanical contact forces, van der Waals
forces, or electrostatic forces deteced by thefour-quadrant photodiode In contrast to
contact mode which can damage the surface of the samplesdynamic or noncontact
mode, the tip scans the surface of the sample at a minimal distance and the force
interaction varieghe resonance fregency of the cantilever oscillatiodue to material
changes or height differencebhis modulation cabhe measured optically via the reflection

of a laser beampointed onto the cantilever head Assuming a constant chemical
composition of the surface, vatians canbe primarily traced back to differences in the
distance between the sample and the measuring tip. The spatially resolved measurement
over asurface thus allows the determination of the roughness of the sample surfiace.
this work, all the AFMdures were measured on a Bruker Dimension Icon AFM.

3.2.9. Determining ofideality factor by intensitydependent measurement

of the quastFermi level splitting

The deality factor fig) of solar cef providesinformation onthe dominantrecombination
mechanism in the solar cels we discussed earlier in Chapte®2common way to identify
the nig of the PSCs is based thre slope of a logarithmic fit of ¥ocor internalquasiFermi
level splittingvs. light intensity plotusing the fdbwing equationderived fromEquation 2
4.

- n Ag> 36
O Y a. s O
AT 77AT

Whereq is theelectron chargekg is the Boltzmann constant is the irradiation intensity
andTis the temperature.! This equéion indicatesthat Vocis completely independent of
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Figure3-9: Ideality factor id) of the perovskite solar cell derived from lightensity dependent opestircui
voltage Vog.

series resistance because no current flows at eprouit conditions.Accordingto the
literature, nig has been proven to be governed by bulk as well as interfacial recombination
properties1®3180.181Egr highperforming PSCs that are not limited by failures at either of
the perovskite/CTL interfaces, a reductiomgftowards a value of 1 is typically associated
with a predominant bimolecular radiative and reduced tagsisted ShocklejRead Hall
recombination°31%°|n this thesisnis of PSC#& Chapter 4 \asconducted by plottingVoc

as a function of thdight intensityusing an afin-one measurement system Paios (Fluxim
AG) Awhite LED (Cree XP)wasusedfor the illumination in all experiment&n exemplary
measuremenbf nig for PSC used in Chaptersdshown in Figure-S.

3.2.10.Spacechargelimited current

Spacechargelimited current (SCLL measurementis a weltkknown technique for
estimatingcharge carrier mobilitand trap densityn semiconductor&ndhasbeen widely
usedin metal halide perovskiteas well. To estimate the charge carrier mobility in the
perovskite layer, the electreonly or holeonly devicesare fabricated, meaning that the
perovskite layer is sandwiched between the two ETL witllevice configuratiorof
ITO/Sn@Perovskite/Gy/BCP/Ag for electron only or two HTL with a structure of
ITO/2PACz/Perovskite/SpiddeOTAD/Ag for the holeonly device. The dark JV
measurementf the devicesplotted on a loglog scaleshow hree distinct regions: (1)
Ohmic region with a slope @1, (2) trap filling region with a slope larger than 2 and (3)
trap-free SCLC region with a slopeD&. The mobility valués extracted from the quadratic
region of thedark JV curve that is governed by the Me@Gurney equation:

w W 3.7

whereJis the current densityy isthe applied voltage®o is the permittivity ofthe vacuum,
5 is the dielectric constant of the material,is the mobility of the charge carrier (electron
or hole) andd is the thickness of the active laydiisequationis alsoreferred to as the
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square law for tragree SCLON SCLGneasurementJis dominatedby charge carriers
injected from the contactsthus it isonly dependent on the mobility and no more on the
charge carrier density

The trap densities are also calculated from the tfélpd-limit voltage Vrr):

e G 3.8
c__

Where n; is the trap density of thegerovskiteabsorber layer, VreLis the voltage at the
intersection point of the tangent with slope 1 and tangent with a slope higher tharitie
dark }V cunwe. In our experiment, SCliieasurements wereonductedon Paios (Fluxim
AG)platform for all cellsand OLEDSs.
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4. Wide-Bandgap A-p Perovskite Solar Cellgith 2D/3D
Heterostructure

This chapter deals with operircuit voltage YoqQ losses in widdandgap (1.72 eV)
perovskite solar cells (PS®sksed on thestandardn-i-p device architecturelt introduces

an effective approach to redimg these losses by employing a large alkylammonium
interlayer at the interface between the perdiise and hole extracting layer.We
demonstrate that this shtegy strongly swpasses non-radiative and interfacial
recombination that typically occsrbetween the charge transport layer (CTL)and
perovskite, enablingne of thehighestVocand power conversion efficiency (PCE) reported
for wide-bandgap PSG® far.

This chapter is based on our publication Advanced Energy Materialsith the title

G wS O2 NRCirctit LYSltage Widdandgap Perovskite Solar Cells Utilizing 2D/3D
t SNEZaiAdsS | SiS NP fygirdsidz0isi otzpdsrare adaped dar re@dilucédk S
with the permission oAdvanced Energy Material&
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4.1.Introduction

High-efficiencymixedhalidewide-bandgap PSCs (1€580eV) in combinatiomwith well-
establishedphotovoltaic (PV) technologiess a tandem configuration bear an excellent
potential to achievethe PCE beyond the Shocki@ueisser (®) limit of singlejunction
solar cell{D33 %)143183.184Nevertheless, the issue of a largedoss in such wideéandgap
PSCs hinders further enhancement of PCE, a¥dbdeficit increasesvhenthe bandgap
widens?"185186 This large/ocdeficit is partly attributed to the segregation of halidesder
illumination. In fact, to widenthe bandgap of themixed-halidesperovskite,the partial
replacement ofiodide () with bromide (Br) anionsin the X site of thecrystal latticeis
needed (see discussion in Chapter®2However,once illuminated, the mixethalides
perovskite phase is prone teeparateinto low-bandgapl-rich andwide-bandgapBr-rich
domains Consequently,te formation of irich domains with a lower bandgap during
photo-induced phase segregati@angenerate more charge carrier traps that increase the
recombinationrate, thus deterioraing the device performancé8/189
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Figure4-1: Champion (a) pen-circuit voltage Yoqd and (b) power conversion efficiency (PCE) of perov
solar cell (PSC) without (3D Ref.) and with 2D/3D perovskite heterostructure (2D/3Ddeadfyinction ¢
bandgap &) (marked with blaclandred star). For comparison, the data of the bgstrformingmixedhalide
PSCaith high Voc (marked with gray circles) antiecent PCE (>13%ndrked with fulicolored and hak
colored circles corresponding to the PCEs determined by maximum power point tracking and-coltage
measurements, respectivélyeported in the literatureas 0f2019 The updated data can be found in Chay
1. The daskd line represents90% ofShockleyQueisser(SQ) limit valuesfor Vocand 70% for maximu
attainable PCE with respect tacartainky. The gray regiodisplayshe ided bandgap range (65¢1.8eV) fo
the top perovskitecell in tandem configurationAll references are provided AppendixA, Table AlAdaptec
with permission fronreference[*?. Copyright 2019, Wiley.
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In addition tothe photoinduced phase segregationthe non-radiative recombination
process which isresponsible for four to five times théocloss compared to the loss from
phase segregatiqris identified as dominantrecombination loss in mixebalide PSC?349
Defects are one of theredominantnon-radiative recombination pathwayarisingfrom
both potentiallypoor qualityof the perovskite absorbeand perovskiteCTLinterfaces®®
For this reason, intensive studies have beedertakento minimizethe phase segregation
and detrimental defects in PSCs with emphasis on controlling the crystallization of the
perovskite fin, incorporating additives into the perovskite jlengineering the interface
andpassivating the surface of the perovskite la§et>122191%1 Recently a post-treatment

of perovskite filmsy employing a wider bandgap layerethmely2D Ruddlesdei?opper
(2D-RP)perovskite has emerged as among the most effective stratégyeduce non-
radiative recombination and consequently enhanége of PSCs by the formation of 2D/3D
perovskite heterostructurd®°7.99.19¢193 Nevertheless, despite all the great developments
so far, the Vocof all reported widebandgap PSQeith respect to the given bandgasgsitill
less than the record value achieved usaigw-bandgap ofD1.6eV perovskiteas shown

in Figure 41 and AppendixTable Al. This clearly demonstrates thaMoc does not
proportionally increase witlthe bandgapThereby, further effortremainsvital in order to
reduce theVoc lossfor wide-bandgap PSGe achievea value close taheir maximum
theoretical limit predicted by the-8 limit

To address this challenge, in this chapter, we demonstrate atpestment strategy by
introducing a novel ulathin 2D/3D heterostructure interlayer at perovskite/hole
transporting layer interface for widebandgap PSCsE([D1.72eV) via spin coating
n-butylammonium bromide (HBABr) on top of th&D perovskite layer. Through effective
interface passivation, 2D/3D heterostructure PSC debv&Noc 80 mV higher than the
referencedevices with an enhanced stabilized REHp to 19.4%. As showin Figure 41
this achievement exhibgone of the highesWocreported so faiin the literaturefor such
bandgap in PSCs withi4p architecture, whiclalsocorresponds to 90% of the@ limit for
the givenbandgap. The results show that the formationtbke 2D/3D heterostructure
interlayer not only acts as an efficient strategy to passivate the surface ofetw/gkite
layer but also as an electrdolocking layer due to its wider bandgap. As a resii,
interfacial nonradiative recombinatiomlecreasedeadngto a remarkable reduction in the
photovoltage loss of thelevices In the followup sectionsa detiled investigation bthe
material properties as well as the photovoltageharacterization of the samples treated
with anoptimized concentration of #8ABr is performed.

4.2 .Performanceof solar cells with n-BABrsurface treatment

In this section, wenvestigate the photovoltaic characteristics of PSCs wittama with
n-BABr surface treatment. Using a dousltion FA and Qsperovskiteabsorber layein
the composition Gsi#/A.s3Pb(b.eBro.4)3, we fabricated widébandgap PSCEy(D1.72eV) in
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Figure4-2: (a) Schematic of device architecture based erprwidebandgap perovskite solar cells (P¢
Co.17AsPb(beBr.4)s treated with nBABr solution on top of the perovskite absorber layer. (b) For
(closed symbols) and reverse (opened symbols) cuvehiage (V) characteristis of champion 3D referent
(3D Ref.)) and 2D/3D perovskite heterostructure (2D/3D Pero.jcdsvmeasured under solar illuminat
condition (AM 1.5G, 1000 W' (c) Stabilized PGE the corresponding devices measured at a cons
voltage close to the maximum power point (MPP) under 5 min continuous illumination. (d) Stedewypen
circuit voltage {og of the champion 2D/3D Pero. device measured at continuous illumination (AM 1.5
The statistic oMocand (f) PCE distribution for 3D Ref. and 2D/3D Pero. PSCs (from a total of 48 «
respectively. Adapted with permission fra@ference[*®?]. Copyright 2019, Wiley.

a ni-p layer stack of glass substrate/indium tin oxide (Ih@yoparticlebased Sn®
/perovskite (Csi1FA.sPb(b.eBro.s)s0 K H X Hetrakis(¥, b -di-p-methoxyphenylamine)
b Z-gpirobifluorene (spiretMeOTAD)/Au bek electrode (Figure-2a). The currentlensity
voltage (V) measurement of the begterforming reference 3D perovskite solar cell
exhibits aVocof 1.23 V, a fill factor (FF) 6f74and a shoricircuit current densityJ%q of
19.2 mA/cni, yielding a PCE of 17.5% (Figub) After RBABr surface treatment with a

50



Wide-Bandgap R-p Perovskite Solar Cells with 2D/3D Heterostructure

(a) , , , (b)
o 120 ——3pRef. {1 1000} —3DRel.

5 —— 2D/3D Pero. ero.
— 5
< 0.90 g 800

E w 600}

S 0.60} o

2 W 400}
N =

7 0-30F 200}

@

< 0.00 - : 0 : :

16 1.7 18 19 20 1.6 1.7 1.8 1.9
hu (eV) By (eV)

Figure4-3: Optical bandgap extracted from (a) Tauc plot and (Hgdtibn point of the external quantu
efficiency (EQE) spectra for widandgap doublecation perovskite layers (l54C.17Pb(b.eBro.s)3) with anc
without a 2D/3D perovskite heterostructure. Adapted with permission frefierence[*8?). Copyright 201¢
Wiley.

concentration of 2 mg/ml on top of the perovskite absorber layer, an ultrathin 2D/3D
interlayer is formed between the 3D perovskite layer andhb& transport layerTL) (as

we will show later in Section-3). The formation of ttg interlayer results in a substantial
increase in device PCE to 19.8% (Figu2b)4with negligible hysteresis compared to the
reference device. A rapid rise in stabiliz&CEof the device incorporating 2D/3D
heterostructure is also observed from 16.7% 18.4% compared to reference PSC
measured under 5 min constant illumination at AM 1.5G with 1000-%{faigure 42c). This
enhancement primarily arises from a remarkable increaséoirof up to 1.31 eV, leading

to a constant stabilizelocmeasured under Bin constant illumination (Figure 4.2d). This
Vocvalue corresponds to 90% of the maximum theoretical IWsiachievable for the given
bandgap as illustrated in Figure 4.1a. Moreover, the calculgted g ratio for the 2D/3D
perovskiteheterostructuredevices representene ofthe highest valusof 0.76 achieved

so far for widebandgap PSCs in the range of 1168eV with PCEs above 13% (Appendix
A, Table ALl This is indicative of the highuality PV material 2D/3D perovskite
heterostructure in oucasg whichdemonstraesa high fraction of radiative recombination
relative to non-recombination pathway$5:1%419|t is worth noting that no shifin the
bandgap of the 3D perovskite layer afteiBABr treatment is observedhdicatng that a
widening of the perovskite bandgap, which could be one of the causes for enh&seed
does not play any role iWocenhancement. This observation is suppaitey comparing

the optical bandgap of the perovskite films watlt and with nBABr treatment measured

by the Tauc plot method as well as the inflection point of the external quantum efficiency
(EQE) spectra (Figure3). The statistical distribution dfocand PCE from 71 devices for
both 3D and 2D/3D heterostructure devices verifies the high reproducibility of the surface
treated process with #BABr solution (Figures¥e and f). Along with the improvedbg we

also observe an increase in FF up to 0.78nup®ABr treatment, while thekcremains
almost unchanged, indicating that the extraction of charge carriers in 2D/3D
heterostructure PSCs occurs effectively as the reference devices. The photovoltaic
parameters of the besperforming PSCs are summarizadrable 41.
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Table4-1: Currentdensitycvoltage (V) characteristics of begierforming devices for reference and 2D/3D
heterostructure PSCSs treated the various concentrationsBABr solution (2, 5 and5 mg/ml) on top of
the perovskite absorber layer measured under both reveesel forward scan direction. Reproduced with
permission fronreference[*®?. Copyright 2019, Wiley.

PSCs Scan Voc Jc(mA/cm?) FF PCE
direction (V) (%)
BW 1.23 19.2 0.74 17.5
Reference 1.22 18.9 0.69 16.2
FW
Treated w. RBABr (2 BW 1.31 19.2 0.78 19.8
mg/ml) =77 1.31 19.2 0.75 19.2
Treated w. RBABr (5 BW 1.32 18.2 0.60 14.7
mg/ml) W 1.28 18.3 0.58 13.54
Treated w. RBABr (7.5 BW 1.18 12.4 0.49 7.1
mg/ml) FW 1.15 11.9 0.47 6.4

In order to optimize the thickness of theBABr interlayer on the performance of the PSCs,
we fabricated 2D/3D het@astructure PSCs by varying the concentration of tRBABr
solutiondissolved in IPA2, 5, and 7.5 mg/ml). As depicted from the statistics of the PV
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Figure4-4: Statistical distribution of (a) power conversion efficiency (PCE), (b)}a@parit voltage Yod, (C
fill factor (FF), and (d) shecircuit current 59 determined form thekXV characteristic for 70 devices (in tot
prepared without (reference) and witBD/3D perovskite heterostructurenterlayer processed byn-BAB
treatment with various concentrations of 0, 2, 5, and 7.5 mg/Adaptedwith permission fronreference
['82]. Copyright 2019, Wiley.
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Figured-5: (a) External quantum efficien¢gQEpand (b) absorbance of widbandgap perovskite solar ce
treated without (3D Ref.and with various concentrations of BABr solution (2, 5, 7.5 mg/ml). Adapted v
permission fronreference[*®?. Copyright 2019, Wiley.

parameters in Figure -4, we find the concentration of2 mg/ml as the optimum
concentration toachievethe highest performance of the 2D/3D heterostructure PSCs.
Although a further enhancement Mocup to 1.32 V is observed for a concentration of 5
mg/ml, this enhancement is compensated by a decrease in the FRksarfér a higher
concentration (up to A mg/ml) the reduction in both FF adstbecomes more substantial

As we discussedarlierin Chapter 2 this is because of the insulating nature of the 2D layer
which hindersthe transport of thechargecarriers whenthe thickness of the 2D layer
increaws, thereby inducingevere charge accumulation and recombination f§84°'The
integrated photocurrent obtained from thexternal EQE spectra is consistent with the
trend of kcderived from theXV characteristics for the corresponding devices prepared
without and with various concentrations of 2, 5 and 7.5 mg/ml (18.4, 18.6, 17.4 and 11.8
mA/cn?, respectively). As shown in Figuréd, for 2D/3D PSCs treated with a 2 mg/ml
concentration solutionthe EQE speaim demonstrates a similar excellent chargearrier
extraction as the reference PSC, whereas a notable drop in the overall EQE spectrum is
observed when the concentration increases to 5 mg/ml. This reduction becomes even more
severe for the higer concentration of 7.5 mg/ml, confirimg the low resultantkdor these
devices (5 and 7.5 mg/miMoreover, he optimum concentration of 2 mg/ml exhibits a
similar absorbance spectrum to the reference film, indicating that a thin layer of the 2D
perovkite on the surface of the 3D perovskite does not affect the absorption of the
underlying 3D perovskite film. In contrast, the expected increase in thickness of the 2D
interlayers (volume ratio of 2 3D) with increasing4BABr concentrationlecreaseshe

absorbance of the 3D perovskite thin film, whichnidurn responsible for a reduction in
‘k0198,199

In the next section, we investigate the material and photophysical characterizations of PSCs
based on the optimum concentration af-BABr(2 mg/ml) to understand howthe
formation of such an ultrathin 2D perovskite interlayer can induce the significant
enhancement in PCE of the devices, in particular an increagecin

53



Wide-Bandgap R-p Perovskite Solar Cells with 2D/3D Heterostructure

4.3.Material characterization of 2D/30heterostructure

4.3.1. Structuralproperties

As we discussed in Chapter 2, considering thBABr is a large aliphatic alkylammonium

spacer cation, which is commonly knotenform layered 2ERP perovskite phasé&;®we

expect the formation of the 2D layer wherABABT is coated on top of the 3D dowlaiation
perovskitefilm. In this context, to obtain information regarding the crystal structure of the
perovskite layer and assess whether the interlayer formed ugepcsition of n-BABr

solution on top of the 3D perovskite is indeed aRP perovskite,-kay diffraction (XRD)
measurements were performed. As depicted in Figue B> G KS OKI NI Ol SNA a i
D14.8°, 21.1°, 24.8°, 28.6° are indexed to typical (10@R)(X111) and (200) lattice plane

diffraction of doublecation perovskite (Gs#A.s3Pb(b.eBro.4)3, respectively-8
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Figure4-6: (a) Xray diffraction pattern ofwide-bandgap FAs:Cs.1Pb(b.eBro.4)s perovskite thinfilms treatec
without (3D Ref.) and with various concentratif2, 5 and 7.5 mg/mipf n-BABron top of the 3D perovski
absorber layer. New peaks (denoted by star) indicate periodic reflectionshencesulting interference froi
the 2D perovskite interlayer. (b) Logarithmic intensities of the low angle peaks from 3D Refthiuntaad thicl
2D/3D heterostructure layeraere performed with higher Xay intensities and longer integration times.
Schematic representation of 2D/3D perovskite heterostructure with a stacking distance of ~2 nm
intermediate phase n=2.
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Figure4-7: Xray diffraction KRD)patterns of pure -BBABr and pure 2D RuddlesdBopper perovskit
(BAPWBr) prepared on the glass substrate. Adapted with permission fiefierence [%?). Copyright 201

Wiley.

Interestingly, compared to XRD peassthe 3D reference perovskite film, perskite
samples treated with +BABr exhibit additional periodic peaks (marked with stars in Figure
4-6a) starting from a very low y 3 f SD4I59 9.04,13.5°, 18.0°, 22.6°, and 27T2fese
periodic peaks do not correspond to the characteristic peaksuoé nBABr and pure 2D

RP (BAPHBI) perovskite phasérigure 47).93200201nstead consistent with the literature,
0KSaS LISI1a sA0K | DLENMNABRRGa@I ity plshesIdl-BP 2 F
perovskite phase with @omposition of (BAPnc1Ph(IxBricx)sn+1(N=2), where n=2is the
thickness or the number of the inorganic layarsl A could be the mixture of FA and Cs in
our cases the exact compositionis still unknown).93202205 |t is noteworthy that the
intensity of the distinct XRD pattern of the &P is noticeably stronger for the samples
treated with higher concentration #ABr (5 and 7.5 mg/ml), while they are not visually
detectable for the optimal low concentration of 2 mg/ml. This could be due to the ultrathin
thickness of the 2D layer on top of bulk 3D perovskite which is not sufficieeto
determined by the limited sensitivity of the XRD measurement setup to a very thin layer.
Therefore, we repeated the measurement with highera} intensities along with long
integration times for the perovskite sample treated with low concentraticBABr. The
log-scale plot of the diffraction intensitpf the low-angle XRD peaks (belaw‘ D10°)
revealsa A YA £ I NJ LIS | |D4&.5° &l Olfan theRowebnitentration of 2 mg/ml as

the thicker 2BRP perovskite interlayers, confimgthe formation of a 2D perovskitghase
even for this optimum concentration (Figuretth). However, the intensity of these peaks

is weak and broad, which is due to the low thickness of the stacked 2D perovskite layer
formed on top of the bulk 3D perovskjterhich results ira low scattering volume reflected
from the lattice plane of ultrahin 2D perovskite$®® J. Yopet al. has been reported a
similar observation by grazing incidentay diffraction (GIXRD) setuptef deposition of
n-BABr on the perovskiteurface. According to this measurement, when the incident angle

RSONBI aSam FTNaYws. >~ 0KS AyaSyaraioe 2F GKS H5

that the 2D layer formation is only limited to ttsairface of the 3D bulk perovskite filf#.
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Figure4-8: (a) Brightfield transmission electron microscogyEM)image of the perovskite layer based o+
BABr surface treatmerfor demonstraing the presence of the 2iRP perovskite. (fighresolution TED
(HRTEM) image of the highlighted region displaiyedanel (a). (c) Zootim view of the image in panel (|
The figure is adaptedith permission fronreference[?°7.

In a separatenternational collaborationwith the Australian Natiaal University a follow

up study based othe surfacecoating strategy with fBABrcation conducted by T. Dag,

et al. verified the presence of 2D perovskite phases in the perovskite films upBABr
surface treatment usingransmission electron microepy (TEM) measuremenrt? Figure

4-8 demonstrates the brightield TEM image of a perovskite film treated with high
concentration ABABT. The region with 2D perovskite on the surface is highlighted in yellow.
From the highresolution TEM (HRTEM) image of this region (Figdre 4rd d), two
different interplanar lattice spacings of around 6.68 A and 3.62 A are obseivieti can

0S daA3aySR (2 GKS ONEaill t D13f5YTayd3D pefovskitk S H 5
I 0 D24.8°, respectivel§22% Therefore, both XRD and TEM measurements greatly
confirm the formation of 2D/3D perovskite heterostructure whetBABr is coated on the
surface of the 3D perovskite layer.

4.3.1. Surface elemental composition and electronic structure

To further identify the chemical composition, distribution and electronic structure of 2D/3D
perovskite heterostructure after low concentrationBABr surface treatment,-bay and
ultraviolet photoelectron spectroscopy (XPS and UPS) wareed out in collaboration

with Materials for Energy (MFE) labt Karlsruhe Institute of Technology by mdirk
Hauschild As both measurements are surfasensitive characterization techniques, the
following discussion focuses on the surface properties of perovskite layers. Fighae 4
depicts the XPS overview spectrum of the characteristic emission lines associated with
elements of doublecation perovskiténcluding cesium (Cs), nitrogen (N), carbon (CY lea
(Pb), iodine (I), and bromine (Br) for both 3D reference and 2D/3D perovskite
heterostructure layer. We observe a slight intensity decrease of I, Pb and Cs signals as well
as an intensity increase of Br signals for the 2D/3D perovskite heterostructomeazed
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Figure4-9: (a) Comparison of-bay photoelectron spectroscopy (XPS) overview spectrum of the deatbier
perovskite film prepared without (3D Ref.) and with 2D/3D perovskite heterostru¢ADESDPero.) treate!
with 2 mg/ml nBABr. XPS spectra of (a) the C 1 @) the N 1s peaks. Apted with permission fror
reference['®?. Copyright 2019, Wiley.

to the 3D perovskite film. Furthermore, a considerable change ispleetral shapes of the

C l1sand N 1s lines is observed (Figare9b and c). To get a better insight into this
modification, the detailed corevel energy spectra of the corresponding elements are
presented in Figurd-10. As shown in the C 1s spectrum of the 3D perovskite film (Figure
4-9b), two types of carbotbasael chemical bonds are detected at 284.3 and 288.0 eV,
which correspond to €€ (or @H at similar binding energy) and C=N bonding,
respectively?®” Upon nBABr treatment, the intensity of the C=N signal decreases slightly,
while the signal of the €€ bond becomesnore intensive and shifts to 285.0 eV. This
enhancement is correlated time presence of the long butylammonium (BA) cation on the
surface of the perovskite layer, as the hydrocarbe@H) in the BA cations has similar
binding energyt 285.2 e\#%2%Moreover, an additional peak at around 286.2 eV appears
which is assigned to a bond between a C and N atom in the organic amide or amine group
(GN).2°7 A similar behavior is observed ftie N 1s signal (Figure-3t), in which two
individual pe&s located atD400.2 and 402V are detected for the 2D/3D perovskite
heterostructure, originating from FA and BA cations respectively, whereas the peak related
to BA component is notably absent for the 3D reference #iitiThisresult provides strong
evidence for the presence of Béation on he surface of the 2D/3D heterostructure
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Figured-10: Xray photoelectron spectroscopy (XPS) spectra of the normalizeds2sl 3k, Pb 442, and B
3ds2 of doublecation perovskite film prepared without (3D perovskite: black) and with 2D/3D perc
heterostructure (red). The lower and upper pandemonstrate the spectral changes and the peak shi
the corresponding elements by the addition 6BAB on the surface of the perovskite layer, respectively.
RATFSNBYOS ad&w5«k ot NP Sisliididaic ftheblactcolour below each spectrumin |
panels computes after implementing a shift to each 2D/3D perovskite spectrum. Reprbdith permissio
from reference[*?. Copyright 2019, Wiley

perovskite film Looking at the spectral changes of the Cs23t13d2, Pb 4%, and Br 3¢
emission line (Figure 4L0), we do not observe any prominent change after the addition of
n-BABr This is particularly evident for the Cssgdpeak, where plotting the difference
betweenreference and surface treated samgte this peakonly shows noisesuggesing
that the chemical environment of Cs is nariedby the addition ofn-BABr.However, a
small peak shift for Cs gdand | 3d,> (less than 100 meV) and a slightly larger peak shift
(between 100 meV to 200 meV) for Ply4énd Br 342 is revealed for fBABr treated
perovskite as compared to reference filnthis indcates that upo n-BABr surface
treatment, even with a low concentrationhe chemical environment of these elemenatis
the surface of the perovskits notablyvaried and esults in a modifiedcomposition and
bonding structure through the formation of a 28urface layef!! This result strongly
supports the finding of the XRD measurement that a thin 2D RP perovskite film is formed
on the surface of the 3D perovskite film by the addition €8ABr.

To assess whether the electronic propertias the surface of the 2D/3D perovskite
heterostructure also change upon low concentratioBABr treatment, UPS measurement
wasperformed. Figure 41 presents the secondary electron eff region, UPS spectra in
the valence band (VB) region and enlargaresponding UPS spectra of the perovskite
layer without and with PBABr treatment. Compared to the 3D perovskite, the 2D/3D
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Figure4-11: Ultraviolet photoelectron spectroscopy (URBgasurements of (a) Helium 1hag= 21.22eV
spectra of secondary electron caff, (b) UPS spectra in the valence baamt (c) the valence band maxim
(VBM) region of the 3D perovskite and the 2D/3D perovskite heterostructure thin films. For

calbration, a sputtercleaned Au foil and its Fermi edge (green) are used. A linear extrapolation
secondary electron cuff (£0.05 eV) and the leading edge of the valence band (+0.10 eV) indicates tt
function and the distance of the VBM with pect tothe Fermi level i), respectively. (d) Schematic of
energyband diagramAdaptedwith permission fronreference[*8?]. Copyright 2019, Wiley

perovskite heterostructure exhibita considerable reduction in work function from 4.27 +
0.05 to 3.9 + 0.05eV (a reduction of 0.33 £ 0.07 eV), as extracted from the intercept in
the secondary electron ctdff (Figure 411a). Furthermore, the UPS spectral shape of the
2D/3D perovskite heterostructure, which is indicative of valence band/orbital stractur
differs considerably from the 3D perovskite film across the entire energy range (Figure 4
11b). Accordingly, a noticeable enhancement in the distance of the valence band maximum
(VBM) with respect to the Fermi levé) is determined from linear extragation of the
leading edge ithe magnifiedUPS spectra (Figureld.c) from 1.84 £ 0.10 eV t0 2.08 £ 0.10
eV for the 2D/3D perovskite heterostructure compared to the 3Dopskite film.This
represents a downward shiéif around 0.24 eV for the VBM, as shown in the schematic of
the energy level diagram for the corresponding films (Figutdd). This VBM downward
shift, along with the decrease of the work function and shifts of XPS sigmalsef2D/3D
perovskite heterostructure indicates a downward band bendiBgsides, a possible
bandgap widening may occur at the surfaceha perovskitelayerafter BABrtreatment

due to the formation of the widdandgap 2D laye¥293212.2135ch a bandgap widening in
conjunction with the downward band bending at the surface of the 2D/3D perovskite
heterostructure acts as an @ffent electron blocking layer, thereby reducing the charge
carrier recombination at the perovskite/HTL interfaged in turn results iran enhanced
Voc232122141t should be noted thathis band bending can stifacilitate efficient hole
transport fromperovskite to the HTL, as we will obsefri@m transientphotoluminescence
(PL)measuremenin the next section.
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Figure 4-122 Topview scanning electron microscopy images of the dowlaléon perovskit
(FAsC9.17Pb(b.eBro.4)3) layers (a) without (3D Ref.) and with 2D/3D perovskite heterostructure proces
n-BABr treatment with different concentration (b) 2 mg/ml and (c) 5 mg/ml, and (d) 7.5 mg/ml. Reprc
with permission fronreference[*#?]. Copyright 2019, Wiley

4.3.2. Thinfilm morphology

Tofurther investigate the morphological modification of the perovskite surface upon n
BABr treatment, ¢p view scanning electron microscope (SEM) and atomic force
microscopy (AFM) were performed. The 3D reference perovskite film exhibits distinct well
crystdlized perovskite grains ranging from 300 to 400 nm (Figtk2a).Although te size

of crystal grains does not change in case of low concentrat@y,noticeablyexhibit less
visible valleys on the perovskite surface, which could indicate@othingof the perovskite
layersurface(Figure 412b). A reduced surface roughnesscenfirmed using atomic force
microscopy (AFM) from the root mean square (RMS) roughne48.8fnmto 11.4 nm
(Figures 413a and bP3 However, no additional layer is observed on the surface of the 3D
perovskite layerfor the sample treated with 2 mg/ml-BABr solution, as shown in the top
view SEM as well as cressction SEM images (Figurd2b and Figures-44a and b). This

is in line with the low XRD intensity detected for such a émmcentration due to the
ultrathin thickness of the2D layer. Accordingly, when the concentration cBABr
increases (2 mg/ml), a thin disordered layer with flalike features appears on the
surface of the 3D perovskite layer, which is determined toab2D layered perovskite
(Figure 412c). This flakiike layer becomes more distinguishable and inhomogeneous for
the case of 7.5 mg/ml (see Figutel2d), resulting in high surface roughness with RMS of
17.3and 21.9nm for the samples treated with 5 antl5 mg/ml, respectivelyFigure 413

¢ and g. Asa resultthis can ban turn responsible fothe low FF obtained for devices
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Figured-13: Atomic force microscopy (AFM) scans of dotdsiBon perovskite surface prepared without (
Ref.) and with 2D/3D perovskite heterostructyseeparedby spin coating of 4#8ABr solution with variot
concentratiors (2, 5 and 7.5 mg/ml): ¢(d) The height sesor images display the information regarding
surface topography of the samples:lfe The amplitude error images demonstrate a better illustration o

contrast. Adipted with permission frommeference[*®9. Copyright 2019, Wiley.

basedon high concentratiom-BABIr?'> The formation ofthe thin 2Dinterlayer is also
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Figure4-14: Crosssection scanning electron microscopyage of the doubleation perovskite with a lay
stack of ITO/Snf Perovskite prepared (a) without (3D Ref.) and w2ih/3D perovskite heterostructu
processed by 4BABr treatment with different concentration (b) 2 mg/ml and (c) 5 mg/ml, and (d) 7.5 n
The images show that an additional interlayer (2D layer) only appears on the 3D perovskite surface
BABr treatment with a higher concentration (7.5 mg/ml). Reproduced with permission freference['#?].
Copyright 2019, Wiley.

visualized in the crossectionalSEM images of the corresponding samples (FsfuEic
and d).

4.4.Photophysicalproperties of the 2D/3Dheterostructure

Havingestablished that the formation of the ultrathin 2D interlayer on the surface of the
double-cation perovskite is the origin of enhanc&ds we nextperform photophysical
characterizations, such as ideality facfog) and timeresolved photoluminescence (TPRL)
measurements, to determine the recombination mechanism after this surface treatment.
In this regard, as first step, the ideality factor of the complete devices without and with
2D/3D perovskiteheterostructurewas examined by measuring the illumination intensity
dependence of thé/og as weexplainedpreviously inChapter 218 Thenig of reference
PSG is estimatel to be around 1.35+0.04, whiléhis value considerably reduces to
1.18+0.06for devices based o2D/3D perovskite heterostraares (Figure 415). It is
known that a nig of 2 is typically indicative of trajassistedShockleyReadHall (SRH
recombinationbeing a dominant recombination mechanism in the bulk of the perovskite
thin films. 181 Therefore, the decreasediy value of 2D/3D perovskite heterostructure
devicesto 1.18 demonstrate that nonradiative SRH recombination is significantly
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Figure4-15: Diode ideality factorris) of double cation perovskite solar cells prepared without (3D. Ref
with 2D/3D perovskit€2D/3D Peo.) heterostructure with the optimum concentration (2 mg/ml). The v
of nis is determined from lighintensity-dependent opercircuit voltage Yo9 measurements of tt
corresponding devices at 25 Y&laptedwith permission from¥?. Copyright 2019, Wiley.

mitigatedfor these devices, which is in a good agreement with the enhakee(Figure 4
2) and the TRPL results which we will discuss in the following.

Next, a TRPL experiment was performed, where we measure the lifetimes of a charge
carrier for the 2D/3D perovskite heterostructure compared to the referesample To

avoid the lifetime quenching owing to electron extraction, sarsplere prepared on glass
substrates for this measurement. Figurelda shows a strong enhancement in carrier

f ATSGAXMS MIPNE 2HONs for samples with a 2D perovskite interlayer (optimum
concentration of 2 mg/ml) compared to the reference 38rqvskite. This indicated that

the surface treatment with BABr is accompanied by a significant reductiorcharge
carrier nonradiative recombination pathways by passivating the surface of the 3D
perovskite layer, thereby accounting for high&éscand mproved PCE of corresponding
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Figure 416: Timeresolved photoluminescence (TRPL) measurements of (a) doatiten perovskite filr
without (3D Ref) and with 2D/3D perovskite heterostructures (2D/3D Pprogessed by spin coating of
BABr (2 mg/ml) on top of the 3D perovskite layer. The perovskite layer is deposited on the glass subs
TRPL measurements of the perovskite/sgifeOTAD (Spiro) as a hole transport layer to examine
extraction through the 2BRP perovskite interlayers. Adapted with permission from referefée Copyrigh
2019, Wiley.
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devices. Furthermore, to examine the extraction of holes from the surface passivated
perovskite layer to the HTL, TPRL measurement was carried out for samples containing the
perovskite absorber with a top layer 8pireMeOTAD. Interestingly, both 3D and 2D/3D
perovskite films exhibit similar TPRL decays (Figuiéb¥ in which the lifetime is
considerably decreased upon the addition of the HTL. This implieghbatltrathin 2D
interlayer can not only effectivelgassivate the surface of the perovskite layer but also
maintain fast hole extraction at the perovskite/HTL interfalcethe next chapterywe will

show that employing this 2D/3D perovskite heterostructure strategy is universally
applicable to PSCs of difent bandgaps.

4.5.Summary

In this chapter, we investigatetthe effect of then-BABr surface treatment as a leabain
alkylammonium material on top of the doubtationFA .83C%.17Pb(b.6Bro.4)z wide-bandgap

perovskite thin films ands role in improving the photovoltaic performance of the devices

with a layer stack of glass/ITOMGQ/Cs.1# A s3P(lo.cBro.s)s/ SpiroMeOTADAuU. By
determining the optimum concentration of the BABr solution (2 mg/ml), we could
significantly improve thé®CEof the PSCs to 19.4% from 16.7%, along with a remarkable
enhancement inVocup to 1.31 V from 1.23V compared the reference 3D PSCs. The

reported voltage corresponds tmne of the highest observed ratio of/oc over the

maximum possiblé/ocbased onthe & € A YA G F2NJ 2 . tmixeihafde y A Ob A
perovskite solacellso far.

Next, we investigated the material and photophysical properties ofibde-cation
perovskite layers treated with the optimum concentration of BABr solution in order to
understand the underlying mechanism resulting in such a high performance. Referring to
XRD, XPS and SEM results, we identified that this achievement isdratgeiformation

of 2D-RPperovskites, resulting in an ultrathin 2D/3D perovskite heterostructure at the hole
extracting side of the device upon deposition oBABr Our results along with the
following studies in the literaturbased on TEM and GIXRiBasurementsonfirmed that

the formation of 2D is limited to the surface of the filRurthermore, results obtained from
UPS measurements demonstrated that the formatioh such a 2D/3D perovskite
heterostructure with a wider bandgap leatb a modificationof the electronic structuret

the top surfaceof the perovskite layer, which induced an energy band offéet.a result

this interlayer could block the transfer okeited electrons to the HTM layer, resulting in a
reduced charge recombination at the interface of the perovskite/HBésides TPRL
measurements revealed a longer carrier lifetime for the 2D/3D based perovskite films as
compared to the3Dreference perovkite film, thereby, leading to reducedhon-radiative
recombination. Hence introducing a 2D/3D interlayercould provide excellent surface
passivation of our widdandgap perovskite absorber layer along withuedg interfacial
charge recombinatiormesultingin an overalMocenhancement of 80 mV compared to the
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reference devices without the 2BP surface treatmentThese results are particularly
important for a step forward in achieving higffficiency perovskitdbased multjunction
photovoltaics (PV) as we will discuss in fibiéowing chapter.
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5. 2D/3D Semitransparent Perovskite SolaCells with
Engineered Bandgafor Tandem Photovoltaics

In this chapter, we investigate the performance of féerminal (4T) perovskitbased
tandem solar cells by stacking top setn@insparent perovskite solar cells (PSGaked on

a 2D/3D perovskite &terostructure on top of bottom silicon (Si) and copper indium
gallium selenide (CIGS) solar cells. In this regard, we initially investigate the influence of the
2D/3D perovskite heterostructure on power conversion efficiency (PCE) of doalua
(FA.sC9.1Pb(kyBr)s n-i-p opaque PSCs with bandgapengineeredvia iodine variation

0n ®Hn X Inéhe ¥llowirp pwe dabricate a series 2D/3D semiransparent PSCs

with engineered bandgaps in order to determine the optimum bandgap for maxinttzéng
performanceof 4T configurations.

This chapter is based on our publicationAdvanced Functional Materialgith the title
GH5K05 | SGUSNRPAGNHZOOdzNE F2NJ { SYAUNI yaLI NBy
Bandgap Enables Efficiencies Exceeding 2586unTerminal Tandems with Silicon and

| L D5 Mot of the graphs in this chapter are adapted or reprogidi with the permission

of Advanced Functional Materials
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5.1.Introduction

A pivotal requirement to achieve a high PCE in 4T perovsi&iefr perovskite/CIGS
tandem solar cell is to combinehgghly efficientop semitransparent perovskite sofecell
(PSC) with prominent transparency in order to deliver a high numbkmgfwavelength
photons to the bottom cellln this context, ecording tothe detailedbalance calculations
under standard test coritions (AM1.5G, 1 kW/#), developing PS@dth a wide range of
bandgaps i) from 1.65 to 1.85 eMdeallyat 1.75 e\) canmeet this requirement for the
top cell in tandem configuration® 3338 Although, increasing Br content to widen the
bandgap of top PSQ@ssults in higher transmissidior the longwavelength photonsit is
accompanied by &rge opencircuit voltage Yoqg deficit,stemmingfrom increased defect
density, severeinterfacial recombinatioras well aphoto-induced phase segregatipas
previowsly discussed i@hapter4.4256217.218These |losses ameglectedin detailedbalance
calculationssuch thatthe optimum bandgappredicted by simulation iglifferent in
experimental studiesFa example, the current record efficiency for a 4T perovskHa/c
tandem device is 28.2%hich is based ostacking a top senriransparent PSC with &
of 1.63 e\”1%In addition, a record T perovskite/CIGS tandem sotatl witha PCE of 25.9%
has been obtained for an optimum E; of 1.68 e\??° Therefore, a more detailed
experimental investigatioris needed to findthe optimum bandgap of the perovskite
absorberfor developingeal prototypetandem devicesn order to achievesimultaneously
high transmission and maximu¥c

In Chapter4, we demonstrated thattilizing the surfac@assivation strategy by developing

a 2D/3D perovskite heterostructure enhanced dramatically ae of our wide-bandgap
PSC (1.72 eWlotivated by thisuccessful developmenin this chapter, wéurther extend

this strategy to investigate the effect ofBABr onthe performance of PSCs with various
bandgasin orderto optimizesuch devices for incorporation into 4T tandem solar chlls
this regard, wanitially (Section &) fabricate PSCwith a wide range obandgays (1.65,
1.69, 1.74, 1.78, 1.85 e¥y varying the halide ratio in the perovskipeecursorsolution
(FAsC91Pb(IBruy)s; (0.244§ XD.56). In the next step,the surface ofthese five
mentionedbandgapss treated with n-BABr resulting ina strong enhancement iWocof
around 45 m\Mor all devicescompared to the reference PSC, regardless of perovskite
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Figureb-1: Comparison of the besfpen-circuit voltage Yod as a function of perovskitbandgapHg) obtainec
in this chapter (marked by red stars) witie bestperformingmixedhalide perovskite solar celgith decen
power conversion efficiency (>12%) reported in the literature (dark grey cir@lee)dashed lineepresent:
90% of the maximuntheoretical Voc calculatedby the ShocklexQueisser (8) limit. More details ar
provided inAppendix BTableBl. Adapted with permission from referencé{. © John Wiley & Sons.

absorberbandgap It should be mentioned that latained Vocs were amongthe highest
valuesreportedin the literature in 2020 fothis bandgapegion as depicted in Figurels
This result demonstrates that our 2D passivation strategy reduces-radiative
recombination lossenot only for devices witlig of 1.73 eV (discussed @hapter4), but
alsois impressively effective over a broad range of bandgafigizing this strategy, we
further developa series of seriransparent PSCs with engineered bandgggections-3),
followed by integratinghem with highefficiency €Si and CIGS bottom solar cafisa 4T
configuration. Finally, iection 54 we demonstrateeomparable tandem PCEs for a broad
range of perovskite bandgapachievingstabilized PCEs as high as 25.7% and 5%

mechanically stackedn ¢ LISNR PA1AGSkOn{A |yR LISNRZailA

respectively, with an optimum bandgap of 1.65 eV for both cases. These results are

equivalent to 2.5% and 3.8% absol@ehancemenin PCE ovethe singlejunction solar
cdl, highlighting the importance of higefficiencytop PSCsenabled via the discussed
strategies as well aghe optimization of perovskite bandgajn order toobtain the best
configuration forprototype 4T devices

5.2.2D/3D heterostructure solar cellsith engineered bandgap

In this section, we investigate the effect ofBABr surface treatment (2 mg/ml) on
structural, morphological and opticgbroperties of a series aflouble-cation perovskite
absorberlayerswith five differentbandgaps

5.2.1. Material properties

We control the bandgap of our perovskiteg varying the amount of Br n ®H n Xn &
the perovskite precursor solutiofirA.s3C%.1Pb(kyBry)s). This results in a shift in
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Figure5-2: (a) Ultravioletvisible absorbance spectra and (b) Tlmts of doublecation perovskite laye
with 5 different bandgapasshown in the inse{FAsC9.1Pb(lyBr)s0 T o0 ndH N X & X
coating of ABABr on top of the 3D perovskite. The perovskite layer is deposited on the glass t&u
Adapted with permission from referencé&). © John Wiley & Sons.

absorption edgetowards lower wavelengthsas shown in UWis absorbance spectra
(Figure 52a). Therefore, a broad range Bffrom 1.65 eV (y = 0.24) to 1.85 eV (y = 0.56),
determined via Tauc plot, is obtained (Figure-Zb). To ascertain whether a 2D/3D
perovskite heterostructure is formed on top of the 3D perovskdeall five mentioned
bandgaps, Xay diffraction (XRD) was performed. Interestingly, consistent with the XR
result observed forthe 2D/3D perovskite layer witthe Ey= 1.72 eV inChapter 4 we
observe similar lowntensity diffraction peaks at low angl€ ¥ H° dndpc YR
clearly corresponds to the presence of an ultrathin 2D Ruddlestgper (2ERB on top

of the perovskite films for all investigated bandgaps (FiguB3. 3t is worth mentioning
that when the bandgap of the doubleation perovskite increases, the typical XRD pattern
of 3Dbulk perovskites refledbnsfrom the planes (100),110), (111) and (200) exhibits a

.A- . —— 185 e\m'

—————
ak :{L b 81\

~ —— 178eV - k

=X\ V- .

> 1.73 eV >

S 5]

= 1.69 eV c

j\t V-l o W f— 1 J i

5 10 15 20 25 30

5 6 7 8 9 10
2q (d
2q (degree a (degre9

Figure5-3: Xray diffraction (XRD) pattern of the doukdation cation perovskite layers with Bifferent
bandgapsl.65 1.69, 1.741.79 and 1.85 eV proceed with spin coating eBABr solution on top pf the bt
3D perovskite lagrs (right panel). Zoomed region in the left panel shows the diffractions correspgric
crystal planes of twalimensional Ruddlesdefoppe on the perovskite surface. Adapted with permiss
from reference 19. © John Wiley & Sons
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3DPXC 2D/3D PSC

Figure5-4: Top view scanning electron microscdmages ofdouble-cation perovskite (a, c, e, g, j) with
(3D PSC) and (b, d, f, h, j) with 2D/3D perovgRIEE3D PSiheterostructure with 5 different bandgaps: 1.!
1.68, 1.73, 1.78 and 1.85 eV, respectively. Adapted with permission from refeféfic® PohnWiley & Son:

shift into higher diffraction angles. This is indicative of a lattice contraetismgfrom the
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Figure 55: (a) Schematic of the perovskite solar cell (PSC) layer stack used in this study. Compari
opencircuit voltage Yog and (c) power conversion efficiency (PCE) (in the reverse scan) as a functic
perovskite absorbers bandgap for opaque PSCs without (3D PSC) and with 2D/3D pef@sRidd>SC
heterostructure derived from currentoltage measurement under thelimination of 100 mW/cri (d
Stabilized PCE of PSCs of the corresponding devices using 2D/3D heterostructure with engineerec
after 5 min constant illumination and at constant voltage close to the maximum power point (MPP). A
with permissiorfrom reference $19. © John Wiley & Sons.

reduction in the perovskite crystal structure, apon widening the bandgap of the
perovskiteabsorber odine ions with a larger ionic radius (Apare replaced in the lattice
structure by smaller Br ions (14).2° Meanwhile, topview scanning electron microscopy
(SEM) image# Figure 54 demonstrate a slight morphological changé the surface
texture of the perovskite layer treated with-BABr compared to the bulk 3D reference for
all investigated bandgapAlthoughwe do not observe any changetime perovskitegrain

size such a modification on the surface texture is contributed to the formation of the 2D
perovskitelayerfor all 5 mentioned bandgaps, asrifiedby our XRD measuremeas well

as previousstudies in the literature??1-222In the next section, the photovoltaic parameters
of the 2D/3DPSCs uh all 5 mentioned badgaps are investigated

5.2.2. Photovoltaiccharacteristics

In order to find out the effect of our 2D/3D perovskite heterostructure on the photovoltaic
parameters of PSCs with engineered bandgaps,iieharacteristics obpaque PSCs are
measured under simulated air mass 1.5 glgq#a1.5G) solar irradiatiorDevices are
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Figure5-6: Current densityvoltage (V) characteristics of begierforming opaque perovskite solar cells (
panel) without (3D PSC) and (right panel) with 2D/3D perovd@R/3D PSC)heterostructure witt
engineered bandgaps: (a, b) 1.65 eV, (c, d) 1.69 eV, (e, f) 1.74 eV, (g, h) 1.79 eV and (i, j) 1.85 e\
under ful simulated solar illumination conditions (AM1.5, 108V/cn?) in a reverse (solid line) and forw:
(dashed line) scans. The photovoltaic parameters of each PSC derived frone smarsneasuremersdre
presented in the inset. Adapted with permission froeference . © John Wiley & Sons.

fabricated in a similar planarifp architecturepresented inChapter 4 with a layer stack
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glass/ITO/nanopartickeased Sn® (np-SnQ)/FAysC.1Pb(lhtBry)sk H Z H-tetkakis> (N,

b -di-p-methoxy phenylaminedp Z-gpirobifluorene (spiretMeOTAD)/Au (Figure 55a).
Interestingly, all investigated bandgaps using2B/3D perovskite heterostructure
demonstrate an enhancement Mocof around45 mVcompared to 3D reference devices
(Figure 55b). This indicates that employing a -BRP perovskite interlayeresults in
enhancedVocover a broad range of bandgaps. As previously discuss@aaipter 4, this
notable improvement isnduced by the effective surface passivation and better energetic
alignment at theperovskite/hole transport material (HTlrjterface due tothe formation

of awider-bandgap@2D-RP interlayer, whicleads to a significant reduction in neadiative
recombination.

Apart from theVocenhancement, we observe that when the bandgap of the perovskite
absorber increases from 1.65 to74 eV, theVocin both 3D and 2D/3D PSCs increases
linearly (from 1.13 to 1.23 V and from 1.18 to 1.28 V, respectively) and redicbies
maximum value. However, further widening the bandgap to 1.85 eV, results in saturation
and subsequent reduction Mocto 1.20 and 1.26 MespectivelyThis largé/ocdeficit due

to bandgap widening is a very common observation that prevails in nfiaéde PSCs with
higher Br content, arising from increased recombination losses due to phase segregation
and higher defect density, as discussed in detail in Chaptét®3223To better compare
Vocvalues obtained for all 5 mentioned bandgaps in our study with the other studies,
literature survey of reported champioVoc extracted from the best mixeehalide
perovskite solar cellalong with the correspondingocdeficitsis providedin Table B1 in
Appendix Band Figure 8. It is worth mentioning that th&ocof the doublecation PSC
with anEjof 1.74 eV reported in this chapter is 30 mV lower than achieviéd the same
device layer stack iGhapter 4.0ne main causesthat the Pbt materialis of inferiorquality

due to using a different supplieluring the course of this study, which is the key component
in fabricating highly efficient PSCs

Consequently, opaque PSCs us2iyy3D perovskite heterostructurgield a remarkable
improvement in PCEB (8-1.3% absolutecompared to the 3D reference PSCs (Figete)5
exhibiting a maximum PCE of 19.2% for 2D/3D PSC with the bandBap b65eV. This
enhancement is driven not only by the significant boos¢dsbut also by a slight increase
in fill factor (FF)H m-@% absolutg derivedfrom the JV measurement of corresponding
devices measured in the reverse direction (Figu.HHowever, by widening the absorber
bandgap from 1.65 to 1.85 eV, PCE continupdsicreases from 19.2% to 18.7%, 18.4%,
16.5% and 14.7% respectively. This mainiginates not only from the largeo¢deficit for
wider bandgap perovskites as mentioned previously but also from the decreat®i
circuit current density kg as a rasult of spectrum onseshift to the shorter wavelengths
(Figure 53). These reductions cause a strong drop in PCE for both 3D and 2D/3D PSCs, in
particular forgy> 1.74 eVThelV characteristics and photovoltaic parameters of the best
performing devices measurathder AM 1.5G soladiiminationare displayed in Figure®
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Figure5-7: (a) Crosssectional scanning electron microscopy (SEM) image of thetsensiparent perovskit
solar cells (PSCs) using 2D/3D heterostructure. Current derdtgge (cV) characteristics of bes
performing semitransparentPSCs using 2D/3D heterostructure with engineered bandgap) df§5 eV,q)
1.69eV,q) 1.74 eV,€) 1.79 eV andf( 1.85 eVeasured under full solar illumination conditions (AM1.5,
mW/cm?) in a reverse (solid line) and forrda(dashed line) scans.

In addition to the improved PCE, apge PSCs using 2D/3D perovskite heterostructure
exhibit stabilized PCEs of up to 17.9%, 17.6%, 17.2%, 15.6%, andwith8fereasing
bandgapmeasured for5 min of constant illumination at aonstantvoltage near to the
maximum power point (MPRJigure 55d).

5.3.2D/3D heterostructure for semi-transparent perovskite solar
cells

Havingverified that employinga 2D/3D perovskite heterostructure resultsaremarkable
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Figure 58: (a) Opencircuitvoltage \bg (b) fill factor (FF), (short-circuit current density %9, and (d) powe
conversion efficiency (PCE) statistics of seeamisparent perovskite solar cells using 2D/3D perov
heterostructure with engineered bandgaps measured under 1 sun AM1.5G illuminaiootovoltair
parameters determined form thé&;V characteristic of a statistically relevant numberé(-in total) Adaptec
with permission from reference?fq. © John Wiley & Sons

enharcementin PCE for opaque PS&v&rawide range of the bandgapfor the next step
we transferred # fabrication processes developddr opaque PSCs directlinto semt
transparent devicein order to construcéT perovskitebasedtandemsolar cells For this
reason, we replacethe Au electrodewith a MoOx buffer layer and transparent thouse
sputtered ITOrear electrode, asillustrated in the crosssectional SEMn Figure 57a.
Meanwhile, 125 nm of MgFas an antreflection layer was deposited on top of the rear
ITO to increas¢he optical transmission of the sertiansparent deviceas we will discuss
later.

Similar to the opaque PSC, the besvide performance for semiransparent PSCs using
2D/3D heterostructure is obtained for dg of 1.65 eV, exhibiting a PCE of 18%gof
1.16V, FF of 78.7% adgof 19.7 mA/cm (Figure 57). The}V characteristics, with detailed
photovoltaic parameter®f the bestperforming semiransparent devices and statistical
analysis of all investigated bandgaps can be found in Figuiesrid 58. For better
comparison of opaque and seitnansparent PSC performance over a range of bandgaps,
the PCE andocvaluesderived from the}V characteristics are normalized to ti&hockleg
Queisser (R) limit at the relevant bandgaps (Figur®p Although both devices exhibit a
similar trend for relativd/og a slight drop by about 280 mV is observed in thécof semi
transparent PSCs for all investigated bandgaps (Fig@&).5This reduction is primarily
correlated to using a shadow mask to measure a relidghlby specifying a reduced, but
accurate actie area of the cell. This is necessary as the area of thetsansiparent PSCs

75



2D/3D Semirransparent Rerovskite Solar Cells with Engineered Bandgaps for Tandem Photovoltaics

(@o0.9 i . . — (b)0.6
i 9 0.6 m—H -
30.87 — . N \
g °;°/ S 0.5 — \
2084 ) o \
3 \ O 0.52%
> 0.81 °\o o

—@— Opaque PSCs 0.48 —m— Opaque PSCs

0.7 —9o— Sem| transparent PSCs @ —m— Semi-transparent PSCs ®
0.4 : : L L
165 1. 70 1. 75 1. 80 1. 85 165 1.70 1.75 1.80 1.85
E (eV) E (eV)

Figure5-9: Bestperforming (a) opercircuit voltage Yoq and (b)stabilizedpower conversion efficiencyCh
of opaqueand semitransparent perovskite solar cells (PSCs) with engineered bandgap normalizec
ShockleyQueisser(SQ) limit at the respective bandgagidapted with permission from referencé'q. ©
John Wiley & Sons.

is not precisely defined after the ITO rear electrode sputtering. However, we found that,
due to the edge effect of the mask, shading the active area induces a dark solarakdip
with the cell under light illumination which can result in a reductioNda??* Alternatively,

the lower Voc of the semitransparent devices might be correlated to the change in
interface from HTL/Au to HTL/MoOx/I#®1t is worth considering thawhile the PCE trend

of opaque PSCs remains relatively stalgpeto 5 = 1.74 eV and onlgeduces for wider
bandgapsHi; > 1.74 eY (due to an enhancelfoc deficit), semitransparent PSCs shaav
significant and continual reduction in relative PCEHg¥ 1.65 e\(Figure 59b). This could

be explained by an additional reductiondz(by about 1.5 mA/cn?) of semitransparent
PSCs compared to opaque PSCs, as indicated from the EQE spectrum {E@uretbe
wavelength range between 550 to 800 nm. The primaayse of this reduction is the
reduced optical path length in incident photons due to significantly reduced internal
reflection when replacing the rear opaque Au withrear transparent conductive oxide
(TCO) electrode or spildeOTAD. (see Figure Bl in &pgix B)02220225.226
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Figure 510: (a) External quantum efficiency (EQE) and (b) transmittance of-tsansiparent perovskit
solar cells using 2D/3D heterostructure with engineered bandgaps. Adapted with permissiamefeoemce
[?19. © John Wiley & Sons.
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Figure 511: Stabilized powerconversion efficiency (PCE) of se¢mansparent perovskite solar cells (P¢
using 2D/3D heterostructure with engineered bandgaps measured at a constant voltage near the m
power point under continuous 1 sun illumination for 5 min. (b) Normalizedilkted PCE of tt
corresponding devices measured under continuous illumination for 1 hour.

Consistentwith the absorbance spectrum (Figure2 the EQE spectrum for semi
transparent PSCs showscantinuous shift towards shorter wavelengtisth increasing
bandgap of the perovskite absorberigére 510a). This means more light in the leng
wavelength region transmits through the top semitransparent PSCs to reach the bottom
solar cell (Figure-20b). Moreover, a trend of reduced signal over the-baimdgap region

is observed with increasing bagap. This trend may be correlated to reduced charge
carrier extraction or enhanced carrier trapping in bromingh absorber layers, but the
exact cause is beyond the scope of this study. Nevertheless, the g&fétfransparent
devices is comparable witbhpaque PSCs, indicating a high conductivity of odroinse
sputteredrear ITO electrode.

To better quantify the PCE of corresponding devices, we performed initial stability
measurements by exposing the devices to continuous AM 1.5G illumination forubasin

at a constant voltage near MPP tracking. A stabilized PCE of 17.5%, 16.6%, 16.0%, 14.4%
and 12.0% is achieved for the bgmrforming semitransparent PSCs with a bandgap of
1.65, 1.69, 1.74, 1.78 and 1.85 eV, respectively (Figdreah As expectedhis value is
lower than the stabilized PCE of opaque devices (Figdd.3By measuring the lorgrm
normalized stabilized PCE for 60 min continuioagliation, we do not observe any drop in
PCE folg XX ™ ® rrevealthg that te PSCs with these bandgaps are not significantly
affected by phase segregation or other degradanoechanismsluring60 min. In contrast,
when widening the bandgapf the perovskite absorber to 1.79 eV and 1.85 eV, the
stabilized PCE of these setransparent devices gradually begittsdecrease to 96% and
94% of its initial value after 1 hour, respectively (FigwELB). This is expected to arise
from the enhancerant in photoinduced phase segregation witlicreasing Br content
thereby affectinghe longterm efficiency ofvider-bandgapPSC42-56.189
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