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[eptAnym

Ta nAlaxd keAld pe adoyovouyoug tepookiteg £xovy TPooeAKVOEL PeyAAo evELXQEPOV 0TI
QwTofoATaikn kKowotnTta Ta TeAsvtala meEvie xpovia, kaBwg n amddoon Toug OTN
HETATPOTIN TNG PWTEWVIG LOYVOG O€ NAEKTPLKY EXEL PTAOCEL O€ TIUES TIOV EeTepVOUV TO 25 %.
Ta mepofokitikd nAtaka keAld (PSCs) eediybnkav amd Ta OTEPEAS KATAOTAONS-
pwtosvaloOntomompeéva nAakd keAtd (DSSCs) avtikaBlotwvTag T XpwoTikn ovoia pe
évav mepofokitn Touv TUMOU ABXs, 0oL A éva avopyavo 1 opyavikd katiov (my. Cst,
(CHsNH3s)*, (HC(NHz2)2)*), B éva petadAko katiov (1.x. Pb2+, Sn2+), kot X éva katiov cdoyovou
(CI, Br, I). lap& Tig vPnAég amoddoEeLg, AUTI 1) KATNYOPIa XNUIKOV EVEOTEWV TTApovoLdlel
aoTABela 0 LakpoXpOVLY XPHOT OTOV AP, AOY® TWV VYPOOKOTILKWYV NHIVIKWV KATIOVT®Y

KalL ETMiONG TApovoLdlel TOELKOTNTA Adyw Tov poAVBdov.

Xxomoc ¢ Statpifrc:

O ot6)x0G¢ pHov elval va emekTelivw TN HEXPL OTLYUNG TEPLOPLOUEVT] TIOLKIAIQ OPYAVIKGV
KATLOVTWYV HEAETWVTAC Ve Belovya KaTlovTa 0Tws To TpipeduAiocovi@wvio ((CH3)sS)* wg
otafepd opyavIKA KATLOVTA, TA oMol HTTopoUV va eVoWwUATwOoUv oe nAtakd keAld yuo: (o)
avénon g amdédoong petatpotmis oxvog, (B) avinon g otabepdnTag WS TMPOG TNV
vypaoia, (y) pelwon ™ to§ikotTnTag oe TEPOLOKITIKEG EVWTELS Xwpig poAvBdo.

Mapakdtw mapatiBetal n kevrpikn WWeéa kabBe kepaiaiov:

Kepdaio (1)

Edw ouvlntovvtal Aemtopepws ol apyés Twv nAlakwv keAltwv. Emiong, avaivetar to
uTtoPabpo kat to kivnTpo yia vées TexvoAoyieg oe nAlakd KeALE, WOlaiTepa LA TNV KATAOKELT
KL TI§ TpookAnoels Twv DSSCs kat PSCs.

Kepdlaio (2)

Ta vAkE, ol Texvikeg ovvBeong kat ot péBodol yapakTNPLOoRoU avaAvovTal 6€ UTO TO
KEQAAQLO.

KepdAaio (3)

Edw mapovoidletal ) oOvOeot), N KpuoTAAALKY SopT), OL OTITONAEKTPOVIKES LOLOTNTES KAL Ol
BewpnTikol vroAoylopol TuTov ab-initio DFT (density functional theory) yia tig otaBepég

XNUKES evaoelg Twv tepofokitwv (CH3)3SPblsxBrx kat (CHs)3SPbIzxClx (x = 0, 1, 2, 3).



KepdAaio (4)
H ovvBeon, o xapaktnplopds kat ta moAv-Oeppokpaciakd @dopata Raman tov véov 1D
(CH3)3SSnls mepofoxkitn peAetwvtal oe autd To KEPAAQLO.

Kepddaia (5,6)

M véa oelpd evwoewv tou Sn*t pe dopn ‘kevol’ (defect) mepofokitn kat cvotaom
((CH3)3S)2SnXs (X = Cl, Br, I), ((CHs)sS)2Snle-nCln kot ((CHs)3S)2SnlenBrn (n=1, 2)
TAPAOKEVAoONKAY Kal xopaktnplobnkav pe KpuoTAAAOYPUAPIKESG KAL (PUOHATOOKOTILKESG
neBddovg. Emiong, ol evwoelg autég Tou Sn** ypnowomomBnkav pe emruyic wg LAIKA
petagopas onwv (hole transporting materials - HTMs) oe DSSCs.

Kepdlaio (7)

Edw mapovoidletal n Tpooéyylon NG SLAOTACLUOTNTAG OTNV KPYXLTEKTOVIKY] OLTANG
otolfadag (FA/MA/Cs)PblsxBrx/(CHs3)sSPbls (3D/1D) mepofoxkitwv. Avty 1 OumAn
otoldda 3D/1D kataockevdoTnke €5 0OAOKAN POV LE TEXVIKEG dLaAUpaTOC Kal BeATioToTolEl
™V avtiotolyn dlemupdvela Tpoopo@n T kKal otolfadag petaopds ontwv ota PSCs. To 1D
(CH3)sSPbls odnyel oe onpavtikn BeAtiwon g otabBepdTNTAG TWV UN-OTEYAVOTIOUEVDV
NALK®V  KEALWY, TOOO KATW QTO ATHOCQUIPIKEG OLVONKEG 000 KAl UTO £€vTovn
aktwoBoAnon (light stress).

Kepdlaio (8)

Edw avantiooetal 1 feATiwon NG SLEMUPAVELAS LLE TN XPTIOT] TOV 0PYAVIKOU XPWHOQOPOU
(E)-3-(5-(4-(bis(2',4'-dibutoxy-[1,1'-biphenyl]-4-yl)Jamino)phenyl)thiophen-2-yl)-2-
cyanoacrylic acid (D35) wg¢ evdidueon otolfada avipeca 6To TEPOBOKLITIKO ATTOPPOPNTY)
KAl TO VAIKO MPETA@OpAS omwv ot pecomopwdn PSCs. Autd T opyavikd nAlakd keAld
Baociopéva og D-m-A tapovoidlovv onpavtikn otabepdtnTa kabwg diatnpovv To 83% 1ng
APYLKNG TOVS AmOd00N G HETA amd 37 NpEPeS amobkevoNng 0TO OKOTASL Kol oe oLV Keg
QVOLXTOU KUKAWATOG.

KepdAaio (9)

[lepiAnym TwV ONUAVTIKOTEPWV EPEVVITIKWV QTOTEAECHATWY, CUHUTEPACUATWV Kol
TPOOTITLKIG TNG TTapovoas Satppnc.

Kepddaio (10)

BifAloypapikég avagopég



SUMMARY

Halide perovskite solar devices have attracted much attention in the photovoltaic com-
munity, due to their efficiency in converting solar energy into electricity, which has reached
values over 25.2% in the last five years. Perovskite solar cells (PSCs) evolved from the solid-
state, dye-sensitized solar cells (DSSCs) by replacing the dye absorber with an ABXs type
perovskite material where A is an inorganic or/and organic cation (Cs*, (CHsNHs)*, (HC
(NHz2)2)*), B is a metal cation (e.g Pb?*, Sn?*), and X is a halogen anion (CI;, Br, I'). Despite
high efficiencies, this class of compounds suffers from long-term instability in ambient air

due to the hygroscopic amine cations and from the toxicity of lead.

Aim of the work:

My aim is to expand the, so far, limited variety of organic cations by exploring sulfur-based
analogues using trimethyl sulfonium cation ((CHs)3S)* as stable organic moiety, that could
ultimately be incorporated in solar cells for: (a) enhance power conversion efficiency, (b)

increase stability against humidity, (c) decrease toxicity in lead-free perovskite.

Below, I summarized the main idea of each chapter:

Chapter (1)

Fundamental of photovoltaic solar cells devices were discussed widely. Also, the background
and motivation of a new technology of solar cells specially Dye-sensitized solar cells (DSSC)

and Perovskites solar cells (PSCs), including fabrication processes, promises and challenges.

Chapter (2)

The materials, synthesis techniques, and characterization analysis were recorded in this

chapter.

Chapter (3)

I present the synthesis, crystal structures, optoelectronic properties, and first principles
theoretical ab-initio DFT calculations of a novel chemically stable (CH3)sSPblzxBrx and

(CH3)3SPbIsxClk (x = 0, 1, 2, 3) perovskites.

Chapter (4)

The synthesis, characterization, optoelectronic properties and multi-temperature Raman of

a novel lead-free (CHs)3SSnls 1-D perovskite were discussed.



Chapters (5,6)
A novel series of Sn#+ halide lead-free defect perovskites ((CH3)3S)2SnXs (X = Cl, Br, I),

((CH3)3S)2SnlenCln and ((CH3)3S)2Snle-nBrn (n=1, 2) were synthesized and characterized us-
ing different spectroscopic techniques. Moreover, the lead-free Sn(IV)-based compounds

were successfully incorporated as hole transporting materials (HTMs) in Dye-sensitized so-

lar cells (DSCs)

Chapter (7)

Dimensionality engineering approach consisting of a (FA/MA/Cs) PblzxBrx/(CHs)3SPblz
(3D/1D) perovskite bilayer architecture, fabricated exclusively with solution processes have
been discussed. The 3D/1D bilayer structure further optimizes the corresponding ab-
sorber/hole transporting layer (HTL) interface of the PSCs. The 1D (CHs)3SPbls lead to sig-
nificant stability improvement for non-sealed devices both under ambient conditions and

light stress

Chapter (8)

Interface engineering approach involving the utilization of the organic chromophore (E)-3-
(5-(4-(bis(2',4'-dibutoxy-[1,1"-biphenyl]-4-yl)Jamino)phenyl)thiophen-2-yl)-2-cyanoacrylic
acid (D35) as an interlayer between the perovskite absorber and the hole transporter (HTM)
of mesoporous PSCs. The organic D-m-A -based solar cells present superior stability since
they preserved 83% of their initial efficiency after 37 days of storage under dark and open

circuit conditions.

Chapter (9)

[ summarized the main findings, conclusions and perspective.

Chapter (10)
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CHAPTER 1: Introduction & Literature Review

1.1 Background and motivation

The global energy consumption in 2018 increased at nearly twice the average rate of growth
since 2010, driven by a robust global economy and higher heating and cooling needs in some
parts of the world. Thus, tremendous environmental impacts have been generated from oil
fossil fuel use. Environmental developments have been noted to pose risks to our health and
environmental stability. Specifically, carbon dioxide (COz, a greenhouse gas) emissions lead
to an increase in temperature and climate change.! Figure 1-1(a, b) illustrate the Global
total primary energy supply (TPES) by source, in the period of 1990-2017 and the recent
global carbon dioxide emissions across main energy sources, respectively.? As a result of

higher energy consumption, COz emissions rose 1.7% last year.
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Figure 1-1: Global total primary energy supply (a); Global carbon dioxide emissions across main
energy sources (b).

The rapid consumption and major changes in environmental conditions of the limited fossil
fuels due to population growth indicate the urgent need for modern, sustainable, renewable
and clean energy resources. Therefore, the need for an energy source that is abundant, does
not produce carbon dioxide, and that can supply a large fraction of the world’s needs is of

the utmost importance if society is to continue its current energy consumption.

Figure 1-2, shows that all candidates as renewable energy sources include wind power, so-

lar power, geothermal power, tidal power and hydropower.
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Solar (23000TW)
® Tidal (0.3TW)
= Wave (0.2-2TW)
Geothermal (0.3-2 TW)
® Hydro (3-4TW)
® Biomass (2-6TW)
Wind (25-70TW)
m Natural gas (215TW total)
m Oil (240TW total)
® Uranium (90-300TW total)
m Coal (900TW total)

Figure 1-2: The potential for finite and renewable energy sources. 3

A first major step towards reducing the greenhouse gas was taken in 1997 by 192 countries
(including the EU) that signed the Kyoto Protocol.* Further adjustments were made in 2015
when 195 countries signed the Paris Agreement, which aims to reduce the impacts of climate
change and restrict the global warming below 2°C on average before the end of this century.>

Additionally, the governments decided to reach more optimistic goals every 5 years.

In 2018, there was an even greater global clean energy investment which more internation-
ally, especially in China, Europe, and the United States. In recent years, renewable energy
systems have developed rapidly mainly because of substantial cost savings in photovoltaic

solar cells and wind power fields.

Solar photovoltaic devices have proven to be the most significant development leading to
creating effective solutions for renewable energy. It was reported that the total annual ca-
pacity for solar irradiation is 6000 times global annual energy consumption.6 In addition, the
production of PV is flexible and scalable PV itself can be used for broad solar parks from
mobile and home installations needing a minimum of maintenance and guaranteed 90% of
its output for 25 years. There are several solar photovoltaic systems, but silicone cells are
the most appropriate commodity on the market, accounting 95% of the overall PV output in
2019.7 Silicon is commonly used in both crystalline and polycrystalline forms. However, the

most efficient Silicon crystalline wafer produces up to 26.7% in December 2019.8 While the
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earth is rich in silicon (in the form of quartzite), but there are constraints, including costly
processes of purification and non-favorable physicochemical properties of indirect bandgap
and low absorption coefficient. Thus, new interest innovations have emerged, including thin-
film technologies Cadmium telluride, Copper indium gallium selenide, Gallium arsenide, sin-
gle/Multijunction cells, Dye-sensitized cells, organic cells, inorganic, perovskite cells, Quan-
tum dot cells. Some of these have achieved or exceed the performance of the silicone devices.
Despite high efficiencies, but the stability challenge remains under researching and develop-
ment. Figure 1-3 shows the record efficiencies of the main PV technologies that have

emerged and developed until 2020.°
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Figure 1-3: The record efficiencies of the main PV technologies.?

Thus, PV will continue to produce power indefinitely (as long as the sun shines). Photovoltaic
are truly a sustainable and environmentally friendly method of producing energy. Not only
this but it's for free, so why shall we not utilize it.1° PV technology provide the dramatic
achievements in the field of photochemical and photovoltaic conversion of solar energy into
electricity. The selection of PV technology base on different criteria such as efficiency, cost

of production, stability, etc.

Today a range of PV cell technologies are available on the market, PV solar cell technologies
are usually classified into three generations (Figure 1-4), depending on the basic material

used and the commercial level.
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Classification of PV Solar Cell
[ T ',I

» Amorphous silicon

* Copper zinc tin sulfide

* Mono-crystalline (a-Si and a-Si/ pc-Si)) (czTs)
(Mona &-Si) + Cadmium telluride (Cd-Te) )
Dye-sensitized (DSSC)
« Poly-crystalline (Poly * cadmium sulphide (Cd-S)
¢c-Si) + Copper indium selenide °  Organic(OPV)
(CIS) = Perovskite (PSC)

« Copper indium gallium

diselenide ( CIGS) * Polymer

* Quantum dot (QDPV)

Figure 1-4: Classification of PV cells.

Recently, extensive efforts have been made to address the problems by designing new prac-
tical materials. Since the energy conversion processes in different technologies are different,
the functional materials used in these technologies require rather different materials prop-

erties.

Among the new materials of photovoltaic technologies, DSCC and perovskite devices have
shown impressive results and attracted much attention in the photovoltaic community due
to low cost production and their efficiency in converting solar energy into electricity. More-
over, perovskite solar cells (PSCs) have reached power conversion efficiency (PCE) values
over 25% in less than ten years, achieving device performances that are very close of those

accomplished by Silicon.8?

1.2 Dye-sensitized solar cells (DSSC)
A typical DSSC is composed of a porous layer of transparent titanium dioxide (TiOz) nano-
particles, coated with a molecular dye that absorbs sunlight, such as metal organic (Z907,

N719) and organic (MK2, D35) dyes or like the chlorophyll in green leaves.1! The transpar-
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ent TiO2 electrodes (as an anode) is sensitized by immersion into dye solutions (as an elec-
trolyte) for some hours, above which is a platinum-based catalyst counter electrode (as a
cathode). Sunlight passes through the transparent photoanode (TiO2z) into the photosensi-
tive dye layer where it can excite electrons that then flow into the anode. The electrons flow
toward the photoanode where they are collected for powering a load. After flowing through
the external circuit, they are reintroduced into the cell on a counter electrode on the back,

flowing into the electrolyte. The electrolyte then transports the electrons back to the dye

molecules, by oxidation reduction process, as shown in Figure 1-5.
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Figure 1-5: (a) Principle of operation and (b) energy level diagram of a typical DSSC. (figure (a) has

been modified and taken from reference 12)

1.3 Perovskite solar cells

A perovskite is any material with the same type of crystal structure as calcium titanium oxide
(CaTiOs), known as the perovskite structure. Perovskites take their name from the mineral,
which was first discovered in the Ural mountains of Russia by Gustav Rose in 1839 and is

named after Russian mineralogist L. A. Perovski (1792-1856).13.14

1.3.1 Structure of perovskite
Oxide-perovskites and their derivatives ABOs (where A and B are large electropositive cati-

ons) have been widely reported and exhibit several other attractive magnetic and dielectric
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properties including (e.g. superconductivity, ferroelectricity, magnetoresistance, ionic con-
ductivity, piezoelectricity, etc.), which can be used in all these technologies, reflecting their
multipurpose properties.15-20 The ideal oxide perovskite structure is a cubic phase with a
high symmetry of Pm3m space group (No.221), which usually observed at high temperatures
above 1000 K.2! In fact, cubic perovskites undergo octahedral rotations along thier sym-
metry axes ([100], [010], [001]) and change to lower symmetry phases at low temperature

(e.g., orthorhombic, tetragonal, rhombohedral, etc.).22-24

Recently, halide perovskites have attracted global interest in photovoltaic applications due
to their superior photovoltaic properties such as extremely high optical absorption coeffi-

cient, super long carrier diffusion length and low-temperature solution processability.25-27

Perovskite solar cells (PSCs) evolved from the solid-state, dye-sensitized solar cells

(DSSCs)28.29 by replacing the dye absorber with an ABXs type.

@ 9 © 2 0 o O

Figure 1-6: Crystal structure of ABXs-type metal halide perovskites (a); View along one crystallo-

graphic axis of a greater number of unit cells, with the unit cell black (b).30

Halide perovskite architecture contains a wide variety of crystalline materials with the stoi-
chiometry of ABXs, where A is a monovalent organic cation (e.g. methylammonium
(CHsNHs*, MA+), formamidinium (CH(NHz)z*, FA*)) or an inorganic cation (e.g. K*, Rb*, Cs*),
B = (Pb+2, Sn+2), and X = CI-, Br-, I. The efficiency of PSCs has increased within only a few
years of development and researchers elaborate intensively on their optimization. Figure

1-6 shows the optimal form of perovskite material, it's a cubic crystal structure collected
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from corner-sharing [BXs] octahedral to form a three dimensional (3D) network, whereby A

cations are occupying the resulting holes with cuboctahedra symmetry (12-fold) sites.30

In addition, most perovskites are distorted and do not have the ideal cubic structure. Glazer
has shown that, based on possible distortions of the octahedron [BXs] with respect to its
neighboring octahedra, the perovskite structure can have 15 different space-group symme-
tries in the case of spherically symmetric groups of monovalent cations (eg. Rb+, Cs*).22 How-
ever, in the case of non-spherically symmetric groups such as organic methylammonium,
CHsNHs*, additional space-group symmetries exist, and more complete classification of per-

ovskite structured symmetries was presented by Alexandrov et al.3!

000
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Figure 1-7: Schematics of the ideal lattice of perovskites and the relation between structure param-

eters.32

The ideal structure of perovskites, as shown in Figure 1-7, is a cubic lattice in which the A-

0 distance (dao) is V2 times larger than the B-0 distance (dgo).32 Although most perovskites
have slight or large distortions tending to lower the symmetry and stabilize the lattice. Thus,
the size of perovskite (ABXs) and their derivatives are usually associated with a geometrical
misfit of the relative ionic dimensions. In the ideal cubic case the cell axis, a, is geometrically
related to the ionic radii ra, rs, and rx of A, B, and X respectively, and it can be calculated

through the Eq. 1.33:34
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a=V2(ra+rx) =2 (rs +rx) Eq. 1.1

The ratio of the two expressions for the cell length is called the Goldschmidt’s tolerance fac-
tor t and allows us to estimate the degree of distortion and predicting stability of the geo-
metric ratio. It is based on ionic radii (i.e. purely ionic bonding is assumed) but can be re-
garded as an indication for compounds with a high degree of ionic bonding; Goldschmidt

tolerance factor, t, is described in Eq. 1.2 . 33-35

Py T Ix
2("8 "'"x)

Where ry, rz and rx are the ionic radii of ‘A’, ‘B’ and ‘X, respectively. The tolerance factor

Eq. 1.2

calculates whether the A site cation in the BX3 system will fit inside the cavities. A tolerance
factor of 1implies a great fit; in the range 0.8 < t < 1 perovskites generally do form. Moreover,
if tolerance factor more than 1, this indicates the A site cation is too large and generally pre-
vents formation of a 3D perovskite framework, and if tolerance factor less than 0.8, the A
cation is too small, again often leading to alternative structures depending on thermodynam-
ically stability. Also, the octahedral factor (i) of [BXs] octahedron has an importance of its
own and responsible for the favored symmetry, which defined in Eq. 1.3.
U=TB.TIX Eq. 1.3

Empirical structure maps of t-u show that the formation window of a perovskite is limited
to 0.8<t<1 and p>0.4 for oxide perovskites and 0.85<t<1.1 and u>0.4 for halide-perov-
skites.3637 Therefore, the Goldschmidt tolerance factor and octahedral factor have attracted
considerable attention recently to predict novel perovskite compounds for photovoltaic ap-
plications based on the ionic radii of the involved ions, and Table 1-1 shows the effective

ionic radius (r) of commonly used ions in ABX3-type.26:38-43

Besides t and u which describe the interatomic spacing of A, B, and X in the unit cell of per-
ovskite crystal system, the ionic charge (the formal oxidation state at each lattice point) also

affects the formation energy.
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Table 1-1: Effective ionic radii of organic molecular cations and Shannon ionic radii of inorganic cat-

ions as well as effective ionic radii of various anion.

A rAeff/pm B r Beff/pm B r Beff/pm X rX,frff/p
Ammonium, [NH4]* 146 Pb2+ 119 Tett 97 F- 129
EEjiou) ot v, 216 Sn2+ 110 La3* 103 cl- 181
[NH3OH]*
Methylammonium, & 34
[CH3NH3]* 247 Sn 69 Ce 101 Br- 196
Hydrazinium, 5 34 3
[NH3NH2]* 247 Ge 73 Pr 99 | 220
Azetidinium
) 2+ 3+ _
[(CH2)sNH2]* 250 Mg 72 Nd 98 HCOO 136
Formamidinium
. 2+ 3+
[CH(NH2)]* 253 Ca 100 Sm 96
Smitlazbim, 258 Sr2+ 118 Eus* 95
[CsNzHs]*
Dimethylammonium, 5 3.
[(CH3)2NH2]* 2732 Ba 135 Gd 94
Ethylammonium, 24 3.
[(CH3CH2)NH3]* 274 Cu 73 Dy 91
Guanidinium
¥ 2+ 3+
[(NH2)5C]* 278 Fe 78 Er 89
Tetramethylammo- 292 paz+ 36 Tm3* 88

nium, [(CH3)sN]*

Thiazolium, [C3H4NS]* 320 Eu?* 117 Lu3* 86
3-Pyrrolinium, 7% .

[NCsHg]* 272 Tm 103 Pu 100

K* 164 YbZ 102 Am3+ 98

Rb* 172 TI* 150 Bk3+ 96

Gs" 188 Aut 137 Sb3+ 76
trimethylsulfonium . -

(CH3)3S* 244 Au 85 Bi 103

[10]
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Table 1-2 shows formation energies and site potentials (Madelung potentials) for perov-

skites with different formal oxidation states in each site.

Table 1-2: Electrostatic lattice energy (E iawice ) and site Madelung potentials (Vi) where (I = A, B, X)
for a range of ABX3 perovskite structures (cubic lattice, a = 6.00 A) assuming the formal oxidation

state of each species

Stoichiometry E 1attice (eV/cell) Va (V) Vs (V) Vx (V)
Oxides I-V-II3 -140.48 -8.04 -34.59 16.66

& | [I-IV-IIs -118.82 ~12.93 —29.71 15.49
chalcogenides [III-11I-1I3 -106.92 —~17. &1 -24.82 14.33
Halides [-1I-13 —29.71 -6.46 -14.85 J 55

The halide perovskites, [I]-[IT]-(I)s, have exceptionally lower formation energy values, com-

pared to those with divalent X anions.

1.3.2 Dimensionality of hybrid perovskites

Typically, 3D hybrid perovskites adopt a cubic structure formed from corner-sharing [BXs]*-
octahedra (Figure 1-6). Notably, the A cation (such as FA, MA, Cs, Rb) must be small enough
to fit within the voids of the octahedral units to preserve the structural integrity of the 3D

lattice.

Figure 1-8: lllustration of the structures of low-dimensional perovskites with different numbers of
perovskite layers (n). The pure 2D perovskite (n = 1) has a R;BX4 structure, where R is a bulky organic
cation. For n > 1, the quasi-2D perovskites arrange into a R2Ay-1 BuXzni, Structure.
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The maximum dimensions of the organic cations are empirically determined by the so-called
Goldschmidt tolerance factor, which limits the radius of the A cation to 2.6 A. Thus, only a
few organic cations have suitable dimensions to insert into the structure and form a stable
3D lattice.#* Another class of materials gaining significance are the two-dimensional (2D)
perovskites (Figure 1-8) -a blend of perovskites with layered crystal structure- (Ruddles-
den-Popper type) offer a greater synthetic versatility and allow for more specialized device

implementation due to the directional nature of the crystal structure.

1.3.3 Fabrication processes of perovskite devices

The quality of perovskite layer is critical for the device performance. The deposition of the
perovskite films is mainly based on the reaction of the organic halide (e.g. MAX/FAX) or In-
organic halide (e.g. CsX/RbX) with lead /Tin halide components, where X= I, Cl, Br. Until now,
several deposition processes for Lead/Tin halide perovskite films have been investigated
which, in the form of solution processes, vapor processes and combinations, are mainly clas-
sifiable as a single-step or two-step processes. Generally, both methods configure device ar-
chitecture of TCE/ETL/Perovskite/HTL/Ag. However, continuous improvements in device
layers and architecture, perovskite growth techniques and mixed halide perovskite with en-

hanced electronic properties have been achieved to enhance photovoltaic performance.

In particular, PSCs configuration can be classified into two major groups: a) regular n-i-p PSCs,
in which electron transporting layer (ETL) is spin-cast onto transparent conductive oxide elec-
trode (TCO), and b) inverted p-i-n PSCs, in which hole transporting layer (HTL) is spin-cast onto

TCO. Therefore, each type of PSCs can be determined by the arrangement of deposited layers.
e One-step process

In one step process, organic and inorganic precursors are co-deposited through a solution or
avapor process. Generally, a mixed solution of Lead/Tin halide and Organic/Inorganic halide
in polar solvents (DMSO, DMF, GBL) should prepared in inert gas condition. Then, perovskite
films were deposited by spin-coating, followed by thermal annealing. However, many re-
ports studied the effect of different stoichiometric ratio of perovskite precursors or sol-
vents,*>46 crystallization,*” using additives.*8 Moreover, Seok et al. developed a solvent engi-

neering technique to improve the film quality (extremely uniform, dense perovskite layers

[12]
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and better covered than the pristine films), by using nonpolar solvent of toluene dripping

while spin-coating of the perovskite precursor in the mixture of GBL and DMSO0.4°
« Two-step process

In one step process, organic and inorganic precursors are co-deposited through a solution or
a vapor process. Two-step methods, or sequential methods, are based on the formation of
PbX: layer, by spin-coating, and their subsequent transformation into perovskite films. The
transformation process of the PbX: films can be done in deferent ways, (a) dipping in a
MA/FA/Cs halide solution,®%51 (b) spin-coating of MA/FA/Cs halide solution on top of the
PbX:z layer,>253 or (c)evaporating MA/FA/Cs halide powder at elevated temperature and ex-
posing the PbXz,5* as shown in Figure 1-9.

Figure 1-9: Schematic diagram of two-step methods for perovskite film preparation.

1.3.4 Significant Promises and Challenges

The unique characteristics of perovskite materials drew greater interest in the field of pho-
tovoltaic applications, that has propelled enormous work done in a short span of ten years.
Significant features of these perovskites such as low energy tunable bandgap, high absorp-
tion coefficient, high charge carrier diffusion length, low exciton binding energy, balanced
electron-hole transport, shallow defects, and easy low-cost solution processing, which

makes it highly desirable as a promising photovoltaic material.

[13]
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Although perovskite solar cells have demonstrated numerous extraordinary properties and
their potential to replace silicon based solar cell, with low cost fabrication and high device
efficiency, some issues (e.g. hysteresis, stability and toxicity) still need to be addressed be-
fore to their widespread application. Apart from those issues, the practical technological is-
sues (stability) is a major bottleneck in achieving its high potential, which mainly due to the
presence of highly hydrophilic organic cations (methyl ammonium-MA or formamidinium-
FA).55 Moreover, these perovskite devices are highly sensitive to moisture in ambient air.
Moisture leads to a domino effect of decomposition of perovskite film causing material deg-

radation, thus losing photovoltaic properties.

Furthermore, the use of toxic lead in perovskite is a matter of environmental concern. Lead
compounds are very hazardous, and the impact of lead-based perovskite devices is a big con-
cern for their large-scale application. As a good alternative to lead perovskites, less toxic tin-
based analogues were developed but the long-term performance of the corresponding de-

vices is seriously affected by the progressive oxidation of Sn2+to Sn#+.56.57

Another crucial issue, which has been studied and discussed widely, is hysteresis in perov-
skite devices. However, various approaches have been implemented to reduce the hysteresis

behavior in these devices.

1.4 Fundamentals of solar cells

1.4.1 Solarirradiance

Solar radiation is the power generated by the Sun’s nuclear fusion reactions per unit area
(W/m2), in the form of electromagnetic radiation, which reaches Earth with an intensity of
1367 W/m2. However, this is reduced by atmospheric absorption and dispersion and is de-
pendent on Earth's latitude as shown in Figure 1-10 of global horizontal radiation map.®8
The solar cell will absorb a range of energy that reflects the spectrum of solar radiation above
and at the surface of the Earth that equals ~1000 W/m? (after atmosphere attenuation), with

an incline of 37° comparable to the equator.
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Long-term average of daily/yearly sum
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Figure 1-10: Global Map of Global Horizontal Radiation.8

The evaluation of solar cell devices has been therefore standardized using the AM1.5 irradi-
ance spectrum, where AM is the air mass coefficient defines the direct optical path length
through the Earth's atmosphere, expressed as a ratio relative to the path length vertically

upwards).1059
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Figure 1-11: Solar irradiance spectrum above atmosphere and at surface, plotted using the ASTM

G137-03 reference spectra.?
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The solar irradiance spectrum has a wide range (100nm up to 1mm) of electromagnetic ra-
diation. But as Figure 1-11 shows most of the irradiance occurs between 250nm- 2500nm
with the maximum in the visible region of light (300-800nm), which ensures that solar cells
will strive to absorb as much of the sunlight in the visible region.1® Whereas at low wave-
lengths (< 300 nm) absorption is caused by oxygen, ozone and nitrogen, while water and

carbon dioxide molecules cause absorption at high wavelengths in the infrared region.

1.4.2 The photovoltaic effect
The photovoltaic effect is the phenomenon that converts sunlight into electrical energy.

When a photon hits a solar cell, one of three things can happen:

e The photon can pass straight through the absorbing layer — this (generally) happens
for lower energy photons.

e The photon can reflect off the surface.

e The photon can be absorbed by the absorbing layer if the photon energy is higher

than the absorber band gap value.

If A photon is absorbed by a medium, this generates an electron-hole pair and sometimes
heat depending on the band structure. It differs from the photoelectric effect in which an
electron is ejected out of the material into the vacuum, whereas in the photovoltaic effect the
electron is excited from the ground state So (valence band / HOMO) to the excited state S1
(conduction band / LUMO) of a semiconductors or dyes, as shown in Jablonski Diagrams
(Figure 1-12), where (S = singlet state, T= triplet state, IC= internal conversion, ISC= inter-
system crossing, R= relaxation, F= fluorescence, P= phosphoresces). The photon is absorbed
in the material only if the photon energy (hv) = energy bandgap (Eg). Photo-excited electrons
in higher excited state (Sn) with hv > Ey, quickly relax to the conduction band (S1) and lose
their surplus energy by Internal Conversion (IC) processes. On the contrary, photons with hv

< Egare not absorbed and are therefore transmitted by the material.

Moreover, the bandgap of a semiconductor can either be described as direct or indirect,
which refers to whether there must be a transfer of phonon (crystal lattice vibration) mo-

mentum involved in an absorption or emission process. The material is said to be a direct
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bandgap, if no momentum transfer required. In contrast, it is said to be an indirect gap mate-
rial, if momentum transfer required. Phonon momentum is described in k-space, related to
the Fourier transform of the periodicity of the lattice in real space. In a direct bandgap ma-
terial, the CB minimum and VB maximum have the same value of k, in an indirect bandgap

material they differ, as shown in Figure 1-12.

In traditional Si-solar cell, after light absorption, normally the silicon acts as both the source
of photoelectrons, as well as providing the electric field to separate the charges (elec-
tron/hole pairs) and create a current. The generated charges must reach the depletion re-

gion in order to avoid recombination.

CB;/\

Energy

Difference
in k

A Jablonski diagram Direct bandgap indirect bandgap

Figure 1-12: A Jablonski diagram and Diagram of direct and indirect bandgap materials, represented

in k-space.

Due to the presence of the electric field, these e-/h+ pairs are separated and drift: the elec-
trons toward the n-part and the holes toward the p-part of the Si-cell. By connecting the de-
vice to an external circuit, the electron flow will produce electric current. However, in the
DSSC and perovskite cells separate the two functions provided by Si-cell. In the DSSC and
perovskite cells, the n-type semiconductor (electron transport layer -ETL) is used only for
charge transport, the photoelectrons are provided from a absorbing layer (perovskite / pho-
tosensitive dye). Charge separation occurs at the surfaces between the absorbing layer and
ETL in the front side of the cell, and between the absorbing layer and hole transport layer
(HTL)/ electrolyte for perovskite/ DSSC, respectively.
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1.4.3 Current-Voltage I-V characteristics
1.4.3.1 Equivalent circuit of a solar cell

To understand the electronic behavior of a solar cell, it is useful to create a model which is
electrically equivalent and is based on discrete ideal electrical components whose behavior
is well defined. A schematic representation of an ideal solar cell modelled by a current source
in parallel with a diode shown in circuit diagrams of Figure 1-13; in practice no solar cell is
ideal, so a shunt resistance and a series resistance component are added to the model. Both
models are designed by a diode (Ip) and a current generator (I.), however the real solar cell

contains parasitic series (Rs) and shunt resistances (Rsn).

| Rs |
i ] A A A > °
b + Ib Ist +
!LC'D 4 IL(T) Rsh 4
(a) 0 (b) :

Figure 1-13: Equivalent circuit of an ideal cell (a); and a real solar cell (b).

The p-n junction can be represented under dark conditions with a single diode, the current
density - voltage (] - V) response is provided by the Shockley diode equation, (Eq. 1.4),

where current density (] = [/area) in an ideal diode.

ev

= ]O(QW_ 1) Eq. 1.4

where: ] is the current diverted through the diode, Jois the reverse saturation current, Vis
the voltage across the diode, ks is the Boltzmann's constant, T is absolute temperature and
n is the diode ideality factor (a parameter which indicates how close the diode follows the
ideal diode equation). The ideality factor is strictly related to the quality of the solar cell ma-
terial and the recombination processes (1 for an ideal diode). However real solar cell model,

the diode is connected in parallel to a current source (light) and hence the J-V response is:

[18]
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eV

J = Jo (™57 - 1) -, By 15

where: Jiis the light generated current. Moreover, both shunt (Rsx) and series resistances
(Rs), which should be taken into consideration of the J-V response in the real model as a fol-

lowing equation:

e(V-AJRg) S
I= ]0( nkgT —1)—],_-1-# Eq. 1.6
Rsh

Where Rs: = shunt resistance (), shunt current density Jsu = [(V-AJRs)/Rsu] and A is

the active area of the solar cell.60-62

1.4.3.2 Performance parameters

A typical |-V (Figure 1-14)characterization is carried out by illuminated solar cells that pro-
vide short-circuit current density (Jsc), current maximum PowerPoint density (Juer), open-
circuit voltage (Voc), voltage maximum PowerPoint (Vmer), and fill factor (FF). These values

are significant for calculate the power conversion efficiency (PCE %) of the solar cell.

J

Dark _\ i

Light Isc

Figure 1-14: A typical |-V curve of a solar cell device under dark and light conditions.

The main parameters for the illuminated J-V curve are described as follows:

[19]



CHAPTER (1) Introduction & Literature review

O Short circuit current density (Jsc): is the current density flowing in the external circuit
when the voltage is zero (when the cell is operated at open circuit).

O Open circuit voltage (Voc): it's referred to the maximum voltage available for the solar
cell, when the current is zero (no current can flow ] = 0).

O Jmep and Vwmep are the maximum current and voltage output of the device, respectively.

O Maximum power point (MPP), it's corresponds to the maximum power output of the

device and it can be calculated using the following equation:
Pm:jMpp 'VMPP Eq 1.7

o Fill factor (FF) This parameter defines the ‘squareness’ of the J-V curve and corre-
sponds to the ratio of the maximum power density (Pm at MPP) and the Voc- Jsc prod-

uct, as shown in the following equation.

___Pm Jupp-VMPP
]SC * VOC ]SC . VOC

FF Eq.1.8

o Power conversion efficiency (PCE): it is defined as the ratio of the output power (Pout)
and the input power (Pin) at AM1.5 which equal 1000 W/m?2 as shown in the following

equation:

P v Wy« FF
PCE(%)=P0_.M.100=]MPP MPP.100=ISC oc .

100 Eq. 1.9
in Pin Pin

1.4.3.3 Shockley-Queisser limit (SQ Limit)

The maximum theoretical efficiency of a single p-n junction solar cell is determined by the
SQ Limit, which collect power from the cell where the only loss mechanism is radiative
recombination in the solar cell.6364¢ Thus, SQ Limit is a function of the band gap (Eg) and the
incident spectrum. Since the incident spectrum is standardized (AM1.5), the power conversion

efficiency (PCE%) is depend only by the Eg, as presented in Figure 1-15a.
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Figure 1-15: (a) SQ Limit for a single junction solar cell at AM1.5. (b) The limit for open-circuit volt-
age in the SQ model (red dotted line: the voltage is limited by recombination).

Highest values of the efficiency are produced with a range (1: 1.6 eV) of bandgaps, and the
maximum efficiency of 33.7% is achieved by materials having Eg of ~1.4 eV. Since the limit
for open-circuit voltage in the SQ model which refer to direct proportion relation of Eg with
open circuit voltage Voc (Figure 1-15b); small Ey produce devices having small working volt-
ages. On the contrary large Eg produce small photocurrents, and loss mechanism in solar de-

vices is thermalization (absorption for hv = Ejy).
1.4.3.4 Incident photon-to-current efficiency

The measure of incident photon-to-current efficiency (IPCE), also known as external quan-
tum efficiency (EQE), which defined as the ratio of the photogenerated charge carriers that
are collected by the solar cell, to the number of incident photons; and used to reveal how
efficiently the incident photons convert to the charge carriers collected at the electrodes.
IPCE can be calculated by dividing the photocurrent generated under monochromatic illu-

mination by the incident light:

Nelecrrons(l) - h.c. ]sc(l) p— 1240 -]sc()-)

IPCE (A) = = =
( ) NPhotans O\) e.A. Pin O\) A. Pin (}0

Eq.1.10

where J« (A) and Pn(A) are the measured photocurrent and intensity of the incident light at
the wavelength of A.
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If all photons are absorbed and generate charge carriers that are collected in the circuit, the
EQE is 100%. Unfortunately, this ideal case is rare, as carrier recombination and optical
losses play an important role in reducing the solar cell quantum efficiency. The measurement
is usually made as a function of wavelength using a monochromatic beam. Devices are illu-
minated by a light beam at different wavelengths, and the current produced by the solar cell

at each wavelength is measured.

IPCE measurements were performed on a computer-controlled set-up, which is composed

of a Xenon lamp, a monochromator and a potentiostat.

1.4.3.5 Losses in solar cell devices

Energy losses can have a negative effect on the performance of solar cell systems. The fol-

lowing are the key reasons for these declines.

i) Optical losses

A solar cell includes various layers, such as FTO/ETL/Absorbing layer/ETL some of which
can contribute to photon absorption that does not contribute in the formation of the charge
carrier (electron/hole pair). Hence during the fabrication of solar cells, the absorption of the
front layers like ETL (e.g. TiOz) should be very low. Furthermore, reflection may contribute
in optical losses. Recently, this effect is avoided with anti-reflective lacquers in conventional

silicon solar cells.

ii) Resistive losses (shunt and series resistance)
As we discussed, in real solar cells is influenced by series (Rs), and shunt resistances (Rsu),
which significant power losses caused by them; circuit diagram of a solar cell including both

Rsand Rsu was shown in Figure 1-13b.

Moreover, Figure 1-16 shows their influence on the shapes of the J-V curves. The Rsis com-
monly associated with thick absorbing layers, interface defect, low doping levels, contact re-
sistance, and low conductivity of the ETL or the front transparent contact. Whereas the shunt
resistance Rsu leads to power losses by providing an alternate current path for the light-gen-

erated current, and it’s typically occurred due to manufacturing defects such as layers with
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pinholes. The main impact of Rs is to decline the FF, while Rsuleads to is to reduce both FF

and photogenerated current.

The resistances values can be estimated by calculating the inverse of the slope close to the
Vocand Jscfor Rsand Rsurespectively. In order to have the smallest influence on the solar cell,

Rsshould approach 0, whereas Rsushould tend toward infinity.

ILJsr_

(b)

Figure 1-16: J-V curves showing the effect of shunt (a) and series (b) resistances on the curve.

iii) Recombination losses

The exited electron (in conduction band) may be lose energy and stabilize back to the valence
band, recombining with a hole in the bulk; on the interface or in the depletion region. Re-
combination losses affect the performance parameter (/s Voc and FF) and are caused by im-
purities, defects, or break bonds.

Recombination of carriers can happen across several channels of relaxation. The most
important are Auger recombination, Shockley-Read-Hall (SRH) trap-assisted recombi-
nation, band-to-band recombination, and surface recombination. These relaxation chan-
nels can be divided into radiative and non-radiative recombination as shown in Figure
1-17. However, non-radiative recombination takes place when the excess energy is con-

verted into heat.
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0 Radiative Recombination

This process occurs when excited electrons relax from the conduction band to the va-
lence band and release the energy in the form of photons, this process is also known

as Band-to-band / bimolecular recombination.s5

Generally, the generated photons (a form of emission) have the same or less energy than
those initially absorbed. A device where the recombination is optimized to give off light is
also called a light emitting diode (LED). Due to a relatively little momentum in the photon,

only direct-bandgap materials involve radiative recombination.

But when the incident photon interacts with an excited electron causing it to recombine
and releases a photon with the same properties of the incident one, in terms of polariza-
tion, frequency, and direction; this process is known as Stimulated emission. However,
the action of lasers and masers focuses on stimulated emissions along with the theory of

population inversion.
o Non-radiative recombination

This process occurs when charge carriers recombine and releasing phonons instead of pho-
tons. Phonons play a significant role in various physical properties, such as electric conduc-

tivity and thermal conductivity of condensed matter.

- Shockley-Read-Hall (SRH)

the electron moves through a localized state (such a new energy states are called traps)
created within the band gap by a defect or a dopant in the crystal lattice. Non-radiative
recombination takes place at these sites mainly. The energy is exchanged as a lattice vibra-

tion, a phonon exchanging thermal energy with the material.

In silicon and other indirect bandgap materials SRH is the dominant recombination mecha-
nism. However, SRH called as trap-assisted recombination which dominate in direct
bandgap materials under conditions of very low carrier densities or in materials with

high density of traps such as perovskites.®®67 Furthermore, the traps may be electron
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traps (if trap energy levels lies close to the conduction band) or hole traps ( if trap en-
ergy levels are close to the valence band). However, depending about how close the elec-
tron/hole traps to the conduction/valance bands, the traps may be shallow traps (if the
difference between trap and band is smaller than the thermal energy ksT) or deep traps

(if the posit).68:69

- Surface recombination

This takes place when traps on the surface, or at the interface of the semiconductor, that's
Because of weak bonds caused by the sudden discontinuation of the semiconductor crystal.
In perovskite solar cells, surface recombination may be the dominant mechanism of recom-
bination due to the collection and extraction of free carriers at the surface, while itis re-

duced by passivation techniques.??
O Auger recombination

In Auger recombination (Figure 1-17c) the energy is passed to a third carrier that is excited
to a higher energy level, then the third carrier relaxes and loses its energy to thermal vi-
brations. Auger recombination may occur when the carrier density is very high in non-equi-
librium conditions. Since Auger recombination conserves both momentum and energy, this type

or recombination can occur in indirect semiconductors.

(a) (b) (c)

Figure 1-17: Electron/hole recombination mechanisms of radiative (a); trap-assistant (b); Au-ger

recombination (c).

iv) Metal-semiconductor interface losses
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While for Ohmic contacts electrons and holes are free to move in and out of a semiconductor
with minimal energy losses, in Schottky junctions (rectifying contacts) the potential barrier
causes a reduction in the carrier flow. Since in a solar cell the Schottky junction behaves sim-
ilarly to a second diode, a ‘roll-over’ at forward bias may be recorded in a J-V curve (Figure

1-18 a), which may affect the Vocof the solar cell.”
1.4.3.6 Hysteresis

Hysteresis is a widely recorded phenomenon during perovskite solar cell efficiency studies.
When the different scan directions are tested during current voltage behavior tests, different

J-V (Revers, Forward) curves can be obtained,’? as shown in Figure 1-18.

a) b) |

Figure 1-18: ‘Roll-over’ effect caused by a back-contact junction diode (a); J-V curves with forward
and reverse scans showing hysteresis (b).

The J-V curve taken with a reverse scan (decreasing voltage) tends to exhibit higher currents
at each voltage than the ]J-V curve taken with a forward scan (increasing voltage). This can
overestimate the efficiency of perovskite devices. A variety of hypotheses, including trap
states,’3 ferroelectricity, 7475 and ion migration, have been suggested as the cause of this phe-
nomenon. 7677 Ever more scientists are supporting the concept that it is caused by ion mi-

gration, but more work is still required for better understanding and hysteresis avoidance.
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However, Hysteresis has been found to be much more severe in planar devices than in mes-
oporous devices, and strongly dependent on the light-soaking, scan speed, and pre-biasing

conditions,’879 perovskite crystal size,80 temperature,8! and contacts used.82
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CHAPTER (2)

“Experimental Section”
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Experimental Section

Here the generally applicable methods and fabrication procedures used in this thesis are outlined.

More specialized procedures are described in the individual chapters of relevance.

2.1 Starting materials

The reagents lead iodide (Pblz), lead bromide (PbBrz), lead chloride (PbClz) (Sigma-Aldrich,
> 99.999%), Sn (Merck, granules), (CH3)3SBr (TCI, 98%), resublimed Iz, SnBrs (Sigma-Al-
drich, > 99.9%), SnCls (Sigma-Aldrich, > 99.9%), HBr (48%), HCl (36%), methyl chlorofor-
mate, methyl chloroformate (Sigma-Aldrich, > 99.9%), dimethyl sulfide (CHz)2S (Sigma-Al-
drich, > 99.9%). As well as the solvents ethanol, toluene, diethyl ether, isopropanol, acetone,
dimethylformamide (DMF), dimethyl sulfoxide (DMSO), benzyl bromide and dichloro-
methane, chlorobenzene, acetonitrile, tert-butanol, chenodeoxycholic acid were purchased

from Sigma Aldrich with purity >99.9% and were used without further purification.

For the construction of DSSCs and perovskite.

TiOz paste (30N-RD, 18-NRAO and WER4, Dyesol), titanium diisopropoxide, titanium diiso-
propoxide bis(acetylacetonate), TiCls (Sigma-Aldrich), Z907 dye ((cis-bis(isothiocyanato)
(2,2’-bipyridyl-4,4-dicarboxylato) (2’-bipyridyl-4,4’-dinonyl)-ruthenium(II), Dyesol), N719
dye (ditetrabutylammonium cis-bis(isothiocyanato)- bis(2,2’-bipyridyl-4,4'-dicarboxylato)-
ruthenium(II), Sigma-Aldrich), MK-2 dye (2-cyano-3-[5"'-(9-ethyl-9H-carbazol-3-yl)-
3',3",3" 4-tetra-nhexyl-[ 2,2',5",2",5",2"]-quater-thiophen-5-yl]acrylic acid, Sigma-Aldrich),
D35 dye ((E)-3-(5-(4-(bis(2’,4'- dibutoxy-[1,1'-biphenyl]-4-yl)amino)phenyl)thiophen-2-
yl)-2- cyanoacrylic acid, Dyenamo), Methylammonium bromide (MABr), Formamidinium io-
dide (FAI), Bis(trifluoromethane)sulfonimide lithium (Li-TFSI) (Acros) and tert-Butyl pyri-
dine (TBP) (Sigma-Aldrich), Co[t-BuPyPz]3[TFSI]s (FK209), Silver metal (Ag) and Gold (Au)
(>99.9999, Sigma-Aldrich).
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2.2 Synthesis

Different techniques (Figure 2-1) have been used to synthesize a novel perovskite based on
trimethyl sulfonium cations, such as solvothermal technique used for preparation of trime-
thyl sulfonium iodide (CHs)sSCl, Solid synthesis using vacuum line to prepare (CHs)sSSnlIs,
(CHs)3SPbXs3, ((CHs3)3S)2SnXs where X is pure halide or mixed. Moreover, solution synthesis
using reflux technique have been used also to prepare the same perovskite and some rea-
gents, (e.g. Snl4). However, the single-crystal synthesis technique has been used to prepare

(CH3s)sSPbCls.

Spring | | -‘”\_.,, Water Out
. —— |
Stainless | |
steel lid e
=]
Teflon liner &2
Water In
Precursor
solution
Stainless
steel autoclave |

(a) (b)

Figure 2-1: Teflon-lined stainless-steel autoclave used in solvothermal and hydrothermal synthesis

(a); Solution synthesis using reflux technique (b).

2.2.1 Synthesis of (CH3)3SX (X =Cl, Br, I)

For (CH3)sSI, equimolar amounts of CHsl and (CHs)2S were mixed in a round-bottomed flask
and reacted at room temperature for 12 hours. White crystals of (CH3)3SI were formed and
washed twice with diethyl ether.83

For (CHs3)3SBr, a solution of benzyl bromide (2.38 mL, 20 mmol) and DMSO (10 mL) con-
tained in a round-bottomed flask equipped with a condenser was heated at 80 °C for 24
hours. When the reaction mixture was cooled to room temperature, trimethylsulfonium bro-
mide (CHz3)3SBr precipitated, which was then thoroughly washed with acetone and dried
with P20s under vacuum.84

(CHs)sSCl was synthesized using solvothermal technique by mixing methyl chloroformate
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(0.025 mol, 2.37 g) with dimethyl sulfide (0.05 mol, 3.1 g) in a pressure bottle at 80 °C over-
night.85 The produced white crystals were washed with diethyl ether and dried with P20s
under vacuum. Due to its hygroscopic nature, (CHs)sSCl was thereafter stored in an Argon-

filled glove box with 02 and H20 levels typically below 1 ppm.

2.2.2 Synthesis of (CH3)3SPblzxBrxand (CH3)sSPblz-xClx 1D-perovskites

Two different methods were incorporated for the synthesis of (CH3)sSPblzxBrx and
(CH3)sSPblsxClx perovskites. In the solid-state synthesis, equimolar amounts of PbXz and
(CHs)3sSX were ground together and loaded in a silica tube, which was flame-sealed under
vacuum, and then heated in a furnace at 150 °C for 72 hours. In the solution synthesis,
equimolar amounts of the above-mentioned reagents were dissolved in DMF and heated at
80 °C for three hours. The resulting yellowish products were washed with dichloromethane

and dried in air.

2.2.3 Synthesis of (CH3)3SSnlz 1D-perovskite

Equimolar amounts of (CH3)sSI and Snlz (Aldrich, 99.999%) reacted in sealed silica tubes
under vacuum at 100 °C for 24 hours. The air-sensitive, yellow powder of (CH3)3SSnls was
handled in an Argon-filled glove box, with humidity and oxygen levels below 1 ppm. An al-
ternative synthetic route of reacting equimolar amounts of (CH3)sSI and Snlz in dimethylfor-
mamide solution at 60 °C was also pursued, in order to obtain crystals suitable for single-
crystal X-ray diffraction. This method produced indeed yellow needle-shaped crystals of
(CHs)sSSnls, but they suffered from diffuse scattering at high diffraction angles.

2.2.4 Synthesis of Snls

Snls was synthesized by reacting Sn with Iz in 1:2 molar ratio and approximately 100 mL
CH2Clz at 50 °C for 3 h under vigorous stirring, followed by partial condensation to the half
amount and cooling in ice water. The solution was decanted and orange crystals of Snls were

obtained and left to dry.

2.2.5 Synthesis of ((CH3)3S)25nXs (X = Cl, Br, I) 0D-perovskite
((CH3)3S)2Snls was prepared in ambient air by reacting Snls with (CHz)3SI in 1:2 molar ratio
by solid-state synthesis. The reactants were ground together and loaded in a silica tube,

which was flame-sealed under vacuum, and then heated in a furnace at 140 °C for 48 hours,
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and the black powder of ((CHs)3S)2Snls was obtained.

((CHs)3S)2SnBrs was prepared by reacting of SnBrs with (CHs)3SBr, in 1:2 molar ratio and
approximately 20 mL HBr (48%) at 50 °C under stirring for 2 hours. The yellow crystals of
((CH3)3S)2SnBrs were recrystallized in absolute ethanol and dried in ambient air.
((CHs3)sS)2SnCle was synthesized by reacting of SnCla with (CHs)sSCl, in 1:1 molar ratio at 60
°C under stirring for 3 hours under N2z due to the hygroscopic nature of both reactants. The
small amount of unreacted SnCls was removed with absolute ethanol and the reaction

product was dried in ambient air to obtain white crystals of ((CHz)3S)2SnCle.

2.2.6 Synthesis of ((CH3)3S)2Snls-nCln and ((CH3z)3S)2Snls-uBrn (n=1, 2) 0D-perovskites
Using solid-state chemistry protocols, ((CHsz)sS)2SnlenCln and ((CHs)3S)2Snle-nBra (n=1, 2)
perovskite were prepared. In particular, ((CHs)3S)2SnIsCl was prepared by reacting 626.6 mg
Snls with 112.5 mg (CH3)sSCl and 204 mg (CHs)3SI in 1:1:1 molar ratio and ((CHs3)3S)2Snl4Cl2
by reacting 626.6 mg Snls with 225 mg (CHz)sSCl in 1:2 molar ratio.

Regarding ((CHs)3S)2SnlsBr it was prepared by reacting 626.6 mg Snls with 157 mg
(CH3)3SBr and 204 mg (CHs)sSI in 1:1:1 molar ratio while ((CHs)3S)2Snl4+Brz was formed by
reacting 626.6 mg Snls with 314 mg (CHs)3SCl in 1:2 molar ratio.

In all cases, equimolar precursor amounts were introduced in a silica tube sealed under vac-

uum (following grinding in a mortar and mixing) and heated in an oven at 110 °C for 2 days.

2.3 Characterization methods

2.3.1 X-ray powder diffraction (XRPD)

X-ray powder diffraction (XRPD) analysis was performed for all perovskites using a Siemens
D-500 diffractometer, that operates in Bragg-Brentano geometry with Cu Ka1 (A = 1.5406 A)
and Cu Kaz (A = 1.5444 A) radiation. Data were collected over the angular range 5° < 26 < 80°

counting for 3 seconds at each step of 0.02° in detector position.

2.3.2 Single crystal X-ray diffraction
A needle-shaped single crystal of (CH3)3SPbCls (dimensions 0.02 x 0.03 x 0.3 mm) that was

collected after slow evaporation of the solvent was cooled at -103 °C and diffraction meas-
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urements were collected on a Rigaku R-AXIS SPIDER Image Plate diffractometer using graph-
ite-monochromated Mo K« radiation. Data collection (w-scans) and processing (cell refine-
ment, data reduction and absorption correction) were performed using the CrystalClear pro-
gram package.86 The structure was solved by direct methods using SHELXS-97 87 and refined

by full-matrix least-squares techniques on F? with SHELXL2014/6.888°

Formula: CsHeSPbCls, Formula weight = 390.7, Z = 8, space group: Pnma, No. 62, a =
16.2359(5) A, b = 13.2044(5) A, c = 8.7900(5) A, = B =y = 90°, V = 1884.45(11) A3, pealca. =
2.754 g cm-3, Absorption coeff,, p = 18.89 mm-1, F(000) = 1408, 3.054° < 0 < 27.000°, No. of
independent reflections = 17446, No. of data/restraints/parameters = 2143/6/121, Good-
ness-of-fit on FZ= 1.05, Final R indices [I > 20(I)] = 2.82%, Final R indices [all data] = 4.22%.

The two (CHs)sS units are symmetrically independent, but as they are close to symmetry
elements, they are distributed with half occupancies on both pairs of disordered sites and
thus they were refined using the Part -1 command. The hydrogen atoms for these groups
were introduced at calculated positions. All hydrogen atoms were refined isotropically with
the calculated ones, as riding on their respective bonded atoms. All non-hydrogen atoms

were refined anisotropically.

2.3.3 Rietveld refinements

Rietveld refinements were performed using the FULLPROF software®09! for ABXs3 such as
(CH3)3SPbXs and its derivatives, while JANA 2006 software?2 was used for A2BXe such as
((CH3)3S)2SnXe and its derivatives.

2.3.4 Hirshfeld analysis

Molecular Hirshfeld surfaces calculations and fingerprint plots of ((CH3)3S)25nXs (X = Cl, Br,
I) were performed using the Crystal Explorer 17.5 package.?® The results provide infor-
mation on intermolecular contacts using a standard surface resolution with different sur-
faces mapped (3D dnorm, shape index, and curvedness). The 2D fingerprint plots were pro-

duced using the standard 0.6 - 2.6 A view in the de and d; distance scales.

2.3.5 Infrared spectroscopy
FTIR spectra were collected in transmission mode on a Thermo Scientific Nicolet 6700 FTIR

equipped with N2 purging system using KBr pellets. A total of 32 scans were averaged for
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each sample at resolution 4 cm-1. Data were collected in the range 4000-400 cm-! and cor-

rected against the single-beam spectrum of KBr.

2.3.6 Raman spectroscopy

Micro-Raman spectra were measured for all materials in the 30 - 3200 cm! range in
backscattering configuration on a dispersive Renishaw in-Via Reflex spectrometer with 250
mm focal length equipped with a high sensitivity, deep depletion CCD detector. Excitation
was performed by a near infrared (NIR) solid state laser emitting at a wavelength of 785 nm.
The laser beam was focused on the sample’s surface using a x50 long focal distance objective
lens of a Leica DMLM microscope providing a power density of approximately 1 mW pm-2.
Raman scattered signal was filtered by a 30 cm-! cut-off dielectric filter and analyzed with a
1200 lines/mm diffraction grating. Measurements were carried out with circular
polarization of the incident laser beam on perovskite crystals aligned at 45° relative to the
direction of the spectrometer slit in order to record unpolarized Raman spectra. Spectral
deconvolution was carried out by linear least squares fitting of the Raman peaks to a mixture
of Lorentzian and Gaussian line shapes.

To investigate the dependence of the vibrational properties on the temperature, the samples
was loaded into a THMS600PS Linkam temperature-controlled heating-cooling optical cell
under an inert argon atmosphere for measurements over the temperature range of -195 °C
to 220 °C.

However, the raw Raman spectra were reduced for the thermal population factor according
to the expression given in eq. (2.1)%4. This enhances the low frequency Raman features which

is very informative for the Snls vibrational characteristics.

heow

~ with n(w,T) = (kT — 1)~ ¢ (Eq. 2.1)

n(w,T)+1

I?‘ed(w) — I(w)

where I{w) and Ired(w) are the measured and reduced Raman intensity, respectively. n(w, T)
is the Bose-Einstein statistic factor, h and ks are the Planck and Boltzmann constants, respec-

tively, c is the speed of light, w is the Raman shift in cm1, and T is the temperature in K.
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2.3.7 Ultraviolet-visible (UV-Vis) spectroscopy

UV-Vis spectra were recorded for the all samples as well as their precursors on a Hitachi U-
3010 spectrophotometer. However, a spectrum of the material with lower bandgap Eg<1.5
eV (e.g. (CHs)sS)2Snle), was recorded using Perkin Elmer Lambda 35 spectrophotometer.
Both equipped with an integrating sphere. In the case diffuse reflectance measurements
(bulk material): the materials were measured as 1 mm thick pellets in diffuse reflectance (R)

mode and the band gap was determined using the Kubelka-Munk equation (eq. 2.2)°:
F(R) = (1-R)2/ 2R (Eq. 2.2)

In contrast, the absorption and transmittance measurements (for films) were performed us-
ing the normal mode. Whereas, the perovskite film is coated on a microscopic glass or FTO

using a rotating coating.

2.3.8 Photoluminescence spectroscopy

Photoluminescence (PL) spectra (for bulk perovskites) were obtained from solid pressed
pellets, placed on quartz plates in a reflecting configuration, mounted on a Hitachi F-2500 FL
spectrophotometer, employing a xenon 150 W lamp and a R928 photomultiplier. The exci-
tation and detection slits were set at 5 nm and the accelerating voltage was set to 700 V,
while spectra were acquired at 300nm/sec. Photoluminescence excitation was measured
and corrected using the instrument’s correction factor. Synchronous scans as well as 3D

scans were employed to determine particular details of the samples’ properties.

Moreover, Steady-state emission spectra of the perovskite films were recorded on a Horiba
Fluorolog-3 JobinYvon-Spex spectrofluorometer (model GL3-21), equipped with a 450-W Xe
lamp as excitation source and a TBX photomultiplier (250-850 nm) as detector. Data rec-

orded and collected via the Horiba Fluorescence V3 software.

2.3.9 Time-resolved fluorescence spectroscopy

For the pico-second time-resolved fluorescence spectra a time-correlated-single-photon-
counting (TCSPC) method via a Fluorohub single photon counting controller, a laser diode as
an excitation source (NanoLED, 482 nm, pulse duration <200 ps) and a the TBX-PMT detec-
tor (250-850 nm), all by Horiba JobinYvon, was applied. Data recorded and collected with

the Data Station software, whereas the lifetimes were determined by the Data Acquisition
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Software (DAS), all provided by Horiba. Samples recorded in the form of thin films over FTO-
coated glass substrates, with the aid of a FL-1057 sample holder.

2.3.10 Ultraviolet Photoelectron Spectroscopy

Ultraviolet photoelectron spectroscopy (UPS) measurements were performed in a UHV
chamber (P~5x10-19 mbar) equipped with a SPECS LHS-10 hemispherical electron analyzer
and a UV source (model UVS 10/35). The UPS spectra were recorded using Hel irradiation
with hv=21.23 eV and the analyzer was working at the Constant Retarding Ratio (CRR) mode,
with CRR = 10. With UPS the work function could be estimated by subtracting the secondary
electron cutoff value, based on linear extrapolation toward background, from the He excita-
tion source of 21.22 eV (#=21.22 eV - Esec). For these measurements a bias of -12.30 V was
applied to the sample in order to avoid interference of the spectrometer threshold in the UPS
spectra. Additionally, the ionization energy (energy difference between valence bands max-
imum (VBM) and vacuum level) can be measured directly from the sum of the measured
energy values of the work function (WF) and the VBM cut off at the low binding energy (BE)
side of the UP spectra. The VBM is determined by linear extrapolation toward background in

the low binding energy region.

2.3.11 SEM and EDAX spectroscopy

The surface features of the perovskites (in the bulk) were analyzed on a Scanning Electron
Microscopy Quanta 200 SEM instrument by accelerating the electron beam at 25 kV. The
chemical composition of the samples was estimated using an Energy Dispersive X-ray
(EDAX) spectroscopy detector.

Moreover, perovskite films morphologies were investigated using a higher resolution Field

Emission Scan Electron microscope (FESEM) JEOL 7401f.

2.3.12 Atomic Force Microscopy (AFM)
Topographic imaging of the perovskite films was recorded with an AFM: Digital Instruments

Nanoscope III, operating in tapping mode.

2.3.13 Contact angle measurements
The contact angle tests were performed with the Contact Angle Meter (CAM) 100, KSV In-

struments, Ltd.
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2.3.14 Solar cell characteristics
The solar cell performance was determined using a Xenon 300 W source solar simulator
(Oriel) in combination with AM 1.5G optical filters (1 sun). The light intensity was calibrated

with a Si reference cell.
2.3.14.1 Current density-voltage (J-V) characteristics

J-V curves were obtained with an Autolab potentiostat (PGSTAT-302N) at a scan rate of 150
mV-sec! and the illuminated (active) area were set to 0.10 cm?. |-V curves were obtained by
illuminating the solar cells under a Solar Light Co. 300W Air Mass Solar Simulator Model 16S-
300 (1sun, 1000 W/m?) calibrated using an Optopolymer Si reference cell. The measure-

ments were carried out using Ossila’s Push-Fit Test Board for Photovoltaic Substrates.
2.3.14.2 Impedance measurements (EIS)

EIS were performed on complete cells under dark and 1 sun illumination conditions, by ap-
plying forward bias at Vmer conditions, using the PG-STAT-30 potentiostat and its built-in
frequency response analyzer (FRA).

2.3.14.3 Maximum power point tracks

Data for stabilized maximum power point (MPP) conditions were recorded in voltage values

corresponding to the MPP of the PSCs.
2.3.14.4 Incident photon-to-current efficiency (IPCE)

Incident photon-to-current efficiency plots were taken by a custom-made apparatus consist-
ing of an Oriel monochromator and an Oriel Xe lamp working in combination with cut off
optical filters (AM1.5G, AMO, and 400 nm) and the Autolab PG-STAT-30 potentiostat. Both
lamps were calibrated using an Optopolymer Si reference cell. The 400 nm cut-off optical
filter was added, in order to avoid problems arising from the photocatalytic activity of the
titania (TiOz) underlayer, which might cause possible degradation of the perovskite ab-

sorber.
2.3.14.5 Light stress measurements

Light stress tests were performed in an ATLAS SUNTEST CPS+ solar simulator, equipped

with a xenon lamp covering the 300 - 800 nm spectral range. The |-V data were registered
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using the Autolab potentiostat, following continuous illumination (765 W.m2) of the cells (at
open circuit) under ambient conditions (humidity ~50%, ~ 50 °C) for 4 h in the ATLAS sim-

ulator.

2.4 Computational study

Density Functional Theory (DFT) of optimized geometry structure, electrostatic potential
(ESP), highest occupied molecule orbital (HOMO)/ lowest un-occupied molecular orbital
(LUMO) analysis for D35 organic dye was performed using Gaussian 09 computational pack-
age.?¢ The calculation was carried out using CAM-B3LYP as calculation method, basis set =

6-31G(d,p).

Moreover, First-principles calculations have been performed using CASTEP (Cambridge Se-
quential Total Energy Package)97.98 for crystalline perovskites systems with the GGA/PBE
and GGA/PBESOL functions. A plane-wave energy cutoff 340 :420 eV and Monkhorst-pack®°.
Ab initio DFT calculations, have been carried out to predict the optimized parameters, band

structure, the density of states (DOS) and partial density of states (PDOS) for all perovskites.

However, Extended Hiickel (EHT) calculations'% for lead-perovskites were made with an in-
house code based on Slater type orbitals centered on all atoms, composed of single zeta s and

p orbitals.
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(CH3)3SPblzxBrx and (CH3)3SPblz«Clx (x =0, 1, 2, 3) perovskites

Organohalide metal perovskite solar devices have attracted much attention in the photovol-
taic community, due to their efficiency in converting solar energy into electricity, which has
reached values over 25% in the last five years.191 Lead halide perovskites adopt an
APbX3s structure, where A is a monovalent organic cation (e.g. methylammonium (CH3sNH3s+,
MA-+), formamidinium (CH(NHz)2*, FA*)) or an inorganic cation (e.g. K*, Rb*, Cs*), and X = Cl-,
Br-, I-. They also form solid solutions by changing the A-site or X-site ions so that their phys-
ical properties, such as band gap and charge carrier diffusion length, are precisely tuned.2627
Nevertheless, the chemical instability of APbXs (A = CHsNHs*, HC(NHz)2*, X = Br, I, CI') per-
ovskites due to moisture, light and heat has long been the main restriction for the industri-
alization of the corresponding devices.102

Our recent study on (CH3)3SPbls has shown that this material is very stable in air.#? In this
context, we investigate here the role of different halogen atoms in (CH3)3SPbX3s (X = Cl, Br, I).
Also, the luminescence properties are being reported, as they convey information about the
excitonic nature of these semiconductors, as well as for possible exciton engineering involv-
ing tuning the organic component in order to match the luminescence properties of the in-
organic network. Finally, theoretical calculations are reported for relating observational
data to models, while in particular the extended Hiickel calculations demonstrate a simple
and efficient method for more than qualitative prediction of the perovskites’ properties. A
comparison is also made between various ab initio models, some of which are the first suc-
cessful application ab-initio models explaining the bandgap origin of perovskites based on

face-sharing octahedra structures.

3.1.1 Structural analysis

(CHs)sSPblsxBrx perovskites were obtained either from solid-state or solution synthesis in
high crystallinity materials with hexagonal symmetry, same as in the previously reported
room-temperature modification of (CHs)sSPbls (space group P6smc, No. 186).42 No extra
peaks of unreacted precursors or other impurities were observed by XRPD analysis in all

samples (Figure 3-1). A gradual shift of the diffraction peaks to higher angles occurs with
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increasing Br content due to the decrease in lattice parameters. Structural analysis was per-
formed for (CHz)sSPbBrs with the Rietveld method (Figure 3-2, Table 3-1) using initially
the structural model of (CHs)sSPblz without further refinement of the trimethyl sulfonium

group. All thermal displacement values were set to 0.03 A2

Lk s . (CH3)3SPbBr3
\J -y (CH3)3SPbIBro
L wil (CH3)3SPbloBr

. I . (‘CH3)38PbI3

[

Intensity (a.u.)

I | .  (CH3)3SPbI3 (theor)
— _[ “ll atl lI ak. ll.ul‘ d iy

10 20 30 40 50 60 70 80
26(°)
Figure 3-1: XRPD patterns for (CH3)3SPblsBrx (x = 0, 1, 2, 3) in comparison with the theoretical
pattern of hexagonal (CH3)sSPbls.

Table 3-1: Atomic coordinates and site occupancy factors (SOFs) for (CH3)3SPbBrs with estimated
standard deviations in parentheses. Space group: P6smc (No. 186). Lattice parameters: a = b =
9.1579(2) A, c = 7.6869(3) A.

Label X y Z SOF
Pb 0 0 0.030(4) 1
Br 0.2983(8) 0.1491(8) 0.292(4) 1
S 0.3333 0.6667 0.1991 1
C 0.4278 0.8556 0.2973 1
H1 0.35 0.86 0.36 0.5
H2 0.51 0.86 0.36 0.5
H3 0.47 0.93 0.27371 0.5
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Figure 3-2: Rietveld plot for (CH3)3SPbBrs. Residual values: 2 = 4.12, R, = 14.4%, wR, = 18.5%.

The distorted, face-sharing [PbBrs] octahedra form 1D chains along the c axis (Figure 3-3),
and the trimethyl sulfonium cations occupy interstitial sites between the octahedra with

their 3-fold rotation axis parallel to the crystallographic c axis.

' iy, -
gl

IOV

Figure 3-3: Crystal structure of the (2 x 2 x 2) unit cell (CH3)sSPbBrs across the c axis. Thick blue

lines denote the unit cell edges.
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The (CH3)3SPblsxClx (x = 1, 2, 3) perovskites were also synthesized by solid-state and solu-
tion methods. No extra peaks of unreacted precursors or other impurities were observed by
XRPD analysis for these samples, too. For x = 1, 2, Bragg peaks of hexagonal symmetry (space
group P6smc, No. 186) are recorded with a gradual shift to higher angles with increasing Cl
content (Figure 3-4).

e ~ (CHg)3SPHCl3
w‘ “ (CH3)3SPbCl3 (theor.)
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L
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1
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20 (°)
Figure 3-4: XRPD patterns for (CHz3)3SPbls.«Clx in comparison with the theoretical patterns of hexag-
onal (CHs)3SPblzand orthorhombic (CHs)sSPbCls.

In contrast, according to single-crystal X-ray diffraction analysis (CHs)3SPbCls crystallizes in
orthorhombic symmetry (Figure 3-5, Tables 3-2:3-4). For a better description of the struc-
ture we have to consider as a formula unit the double of the above (which corresponds to
the content of the asymmetric unit), i.e. [(CHs)3S]2Pb2Cle. The two (CHs)sS units are symmet-
rically independent, but as they are close to symmetry elements, they are distributed with
half occupancies on both pairs of disordered sites. That consisting of S1, C1, C2, C3 atoms are
close to the mirror plane (x, -0.25, z) and those of S2, C3, C4 and C5 atoms are close to the
center of symmetry (0.5,0,1). Units of two face-sharing [Pb2Cls] octahedra (through Cl1, CI2,
Cl3 atoms) connect to adjacent six units (three above and three below the plane of the central

unit) through common vertices (through CI5 and pairs of symmetry equivalent Cl4 atoms).
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The three dimensional arrangement of pairs of face-sharing octahedra in the compound un-
der study resembles that of SrMnOs structure (a 4H four layer hexagonal perovskite, with
space group P63/mmc (No. 194))103-105 and the one to one correspondence of the different
structure units of both structures renders them isostructural. In the present structure the
trimethylsulfonium group, the Pb and Cl atoms have replaced the Sr atoms, Mn and oxygen

atoms, respectively.

Figure 3-5: Crystal structure of (CHs)3SPbCls with partially labeled atoms. H atoms are omitted for
clarity. Thick blue lines denote the unit cell edges.

The difference in structure type among (CHs)3SPbCls and the rest of the perovskites under
investigation is attributed to the large decrease in crystal density with decreasing halogen
size. The actual density of the orthorhombic (CH3)3SPbClszis 2.754 g cm3 (from single-crystal
XRD data), whereas for the hexagonal (CHsz)3sSPbls, (CHs)sSPbBrs and (CHs)sSPbIClz perov-
skites, these values equal to 3.49, 3.12 and 2.71 g cm3, respectively (from XRPD data and
Rietveld refinement). A hypothetic 1D-hexagonal (CHs)3SPbCls would allow for very larger
voids among the inorganic columns and the organic cations, leading to even lower crystal

density which is thermodynamically unstable. Therefore, (CHs)3SPbCls has higher structural
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similarity with ((CHs)3S)4PbsBrio rather than with its heavier (CH3)3SPbXs analogues. 196 It
is noteworthy also that (CHs)3SPbCls is thermodynamically stable in a large temperature
range (-103 °C to 25 °C) and retains its orthorhombic symmetry, in contrast to (CHz)3SPbls

that undergoes structural phase transitions below -5 °C.102

Table 3-2: Atomic coordinates and isotropic displacement parameters for (CHs)3SPbCls; with esti-
mated standard deviations in parentheses.

Atom SOF X y z U (A2)
Pb1 1 0.66046(2) 0.10099(2) 0.55413(2) -
cl1 1 0.58915(12) 0.2500 0.7593(3) =
12 1 0.78547(12) 0.2500 0.5652(3) =
13 1 0.60066(13) 0.2500 0.3494(3) 2
Cl4 1 0.75537(9) 0.00319(15) 0.3176(2) -
Cls 1 0.5000 0.0000 0.5000 -
S1 0.5 0.65771(19) -0.1861(3) 0.5574(5) -
C1 0.5 0.6048(7) -0.244(3) 0.4036(15) .
H1A 0.5 0.5453 -0.2402 0.4208 0.127
H1B 0.5 0.6212 -0.3158 0.3966 0.127
H1C 0.5 0.6188 -0.2097 0.3085 0.127
c2 0.5 0.7582(6) -0.234(4) 0.5396(15) -
H2A 0.5 0.7740 -0.2685 0.6343 0.083
H2B 0.5 0.7966 -0.1788 0.5193 0.083
H2C 0.5 0.7601 -0.2830 0.4554 0.083
C3 0.5 0.6191(8) -0.266(3) 0.7047(18) .
H3A 0.5 0.5856 -0.2253 0.7748 0.171
H3B 0.5 0.6653 -0.2958 0.7602 0.171
H3C 0.5 0.5853 -0.3193 0.6600 0.171
S2 0.5 0.53318(17) 0.0127(2) 0.9080(3) -
C4 0.5 0.5164(11) -0.1158(9) 0.958(2) .
H4A 0.5 0.4789 -0.1471 0.8847 0.106
H4B 0.5 0.4919 -0.1191 1.0602 0.106
H4C 0.5 0.5690 -0.1522 0.9583 0.106
Cc5 0.5 0.5722(8) 0.0633(11) 1.0769(15) :
H5A 0.5 0.6216 0.0257 1.1072 0.070
H5B 0.5 0.5305 0.0581 1.1571 0.070
H5C 0.5 0.5864 0.1347 1.0611 0.070
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Cé
H6A
H6B
H6C

0.5
0.5
0.5
0.5

0.4319(7) 0.0590(11)
0.3994 0.0204
0.4323 0.1306
0.4074 0.0518

0.9051(17)

0.8313
0.8761
1.0065

0.069
0.069
0.069

Table 3-3: Anisotropic displacement parameters in A2 for (CHs)sSPbCls with estimated standard de-

viations in parentheses.

Atom U1 Uz2 Uss U1z Uiz Uzs
Pbl  0.02305(13) 0.02554(14) 0.02657(14) -0.00050(9) -0.00043(9) 0.0002 (11)
Wil | 0.0341(11) 0.0536(15) 0.0313(13) 0.000 0.0008(10) 0.000
Cl2 0.0234(10) 0.0390(14) 0.0597(17) 0.000 -0.0051(11) 0.000
ci3 0.0381(12) 0.0422(13) 0.0299(12) 0.000 -0.0069(10) 0.000
Cl4 0.0461(9) 0.0583(13) 0.0450(11) 0.0085(9) -0.0065(8) -0.0089(10)
Cl5 0.0393(13) 0.0551(17) 0.0574(16) -0.0144(12) 0.0083(12) -0.0049(14)
S1 0.0304(17) 0.057(2) 0.062(3) 0.0122(16) -0.0120(18) -0.017(2)
[ | 0.056(8) 0.18(2) 0.054(10) -0.03(2) -0.011(7) -0.07(2)
C2 0.023(5) 0.09(3) 0.054(8) 0.008(10) 0.003(5) 0.012(15)
C3 0.051(8) 0.35(4) 0.066(12) -0.05(3) -0.004(8) 0.10(3)
S2 0.0244(15) 0.0354(19) 0.0275(17) 0.0028(13) 0.0004(12) -0.0063(14)
C4 0.088(13) 0.028(9) 0.110(17) -0.011(8) 0.004(12) -0.008(9)
€h 0.037(8) 0.063(10) 0.040(9) -0.013(7) -0.001(7) -0.019(8)
Ccé 0.039(8) 0.050(9) 0.049(10) 0.013(7) 0.017(7) 0.005(7)

Table 3-4: Bond lengths in A for (CHs)sSPbCls with estimated standard deviations in parentheses.

Bond Bond length Bond Bond length
Pb1 - Ci2 2.8285(14) S1-C1 1.739(14)
Pbl - CI3 2.8376(16) S1-C2 1.757(18)
Pb1l - Cl4 2.8925(17) S1-C3 1.845(14)
Pb1 - Cl1 2.9093(16) S2-C5 1.748(12)
Pb1 - CI5 2.9651(2) S2-C4 1.761(13)
Pb1 - Cl4 3.0202(18) S2-C6 1.773(11)
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3.1.2 Vibrational and optoelectronic properties

The micro-Raman spectra for the novel (CHs3)3SPbls«xBrxand (CH3)3SPbls«Clx perovskite ma-
terials (Figure 3-6) show the vibrational modes of the organic moiety (CH3)3S+ at ca. 3000,
2915, 1410, 1045, 730, 655, 280 cm! with a very small red shift (1 - 4 cm1) with increasing
Br or Cl content. On the other hand, the vibrational modes of the inorganic framework ap-
pear at low frequencies (30 - 200 cm™). The strongest mode for (CHz)3SPbls is the Pb-I
stretching found at 100 cm~! and it shifts to higher frequencies in the series of (CH3)3SPbls-
xBrx and (CHs)3SPbls«Clx due to the decrease of the reduced mass of the Pb-Br and Pb-Cl

bonds, respectively.42.102
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Figure 3-6: Raman spectra of (CHs)3SPbls«Bry and (CH3)3SPbls«Cl: (x =0, 1, 2, 3). The inset zooms in
the 30 — 250 cm-! regions.

This behavior is in accordance with similar systems such as CHsNH3sPbX3 (X = Cl, Br, 1)107,
where the spectra of the single halide samples present less and narrower low frequency
Raman bands in comparison to the mixed halide samples which have mixed Pb-X bond char-
acter. Nevertheless, the spectra of the CHsNH3sPbI2X samples are dominated by the Pb-I vi-
bration at about 100 cm! suggesting possible segregation of the CH3NH3Pbls phase in
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nanodomains. Electronic properties of (CHs)3sSPbls«xBrx and (CHs)3SPbls«Clx were investi-
gated using UV-Vis and photoluminescence spectroscopy at room temperature. The diffuse
absorption spectra acquired from transforming the diffuse reflectance spectra Kubelka-
Munk transforms of (CH3)3SPblIs«Brx and (CHs)3SPbls«Clx are presented in Figure 3-7. It is
possible to find the energy band gap value (Eg) by considering the x-axis intercept of a linear
extrapolation of the low energy part of the respective spectra, however, this is not an axiom.
Itis easy to see the intercepts for the I, Br and Cl analogues, yet those found by extrapolation
of the mixed halide analogue spectra would have provided quite small Eg values. In many
cases, it is more useful to keep as Ej the energy of the first absorption valley occurring at
energy higher than the excitonic peak. The spectra reveal that the absorption onset energy
increases for (CH3z)sSPblsxBrx from 2.5 to 3.2 eV with increasing Br content and for
(CHs)sSPblsxClx from 2.5 to 3.6 eV with increasing Cl content. However, the values of the
absorption edge cannot be related to the Ej of the materials, for two reasons: i) due to the
excitonic states present and ii) due to the fact they contradict the values provided for such
face sharing [PbXs] quantum wires found in the literature.108-112 For example, the
(CH3)3SPbBrs semiconductor has similar structure of face-sharing PbBrs octahedra as in
where in the latter refs.108113.114 an excitonic peak was observed at 328 nm, thus, the Eg of
such quantum wires should be least 3.8 eV, and cannot be related to the lowest energy ab-
sorption appearing here at 3.2 eV. Therefore, the Eg values are estimated by drawing the tan-
gential lines and taking the intercept to the x-axis not from the lowest energy bands but from

the first high energy band in each case (see Figure 3-7a).
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Figure 3-7: Diffuse reflectance UV-Vis spectra in Kubelka-Munk units for (a) (CH3z)sSPblsBrx (b)
(CH3)sSPbls«Clk (x=0, 1, 2, 3).
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For the mixed halides, these values are being found from the position of the first absorbance
valley towards high energies; for the pure I-, Br-, Cl-compounds the two methods yield al-
most the same Eg. For (CHsz)sSPbls this estimation leads to Eg of 3.15 eV in accordance to
reference*2, while for (CHs)sSPbBrs to 3.68 eV. It is anticipated that the mixed I/Br perov-
skites will have energy gap values varying in between as in the other corner-sharing perov-
skite materials.1%” The as above discussed Eg values are collected in Table 3-5. Similar con-
clusions could be drawn for the spectra of (CHs)3SPblsxClx, despite the fact that (CHs)3sSPbCls
has different structural symmetry from the rest. Again, it can be safely deduced from the
optical spectra of the Cl-I mixed variants that once iodine is incorporated as a mixed ion
along with Cl, the optical absorption spectra are not distinctively different from each other,
neither from those based on the I-Br materials since the onset of absorption starts at almost

the same energy values.

Table 3-5: Band gap values for (CH3)3SPbls..Bryand (CH3)3SPbls.Clk (x =0, 1, 2, 3).

Compound Eg (eV) Compound Eg (eV)
(CHs)sSPbls 3.15

(CH3)3SPbIzBr 3.29 (CH3)3SPbIzCl ca.3.2
(CHs)sSPbIBr2 3.37 (CH3)sSPbICl: ca.3.3
(CHs)3SPbBrs ca.3.75 (CH3)sSPbCls 3.75

The PL spectra of the reported materials (CHs)sSPbXs (X = I, Br, Cl) are presented in Figure
3-8, yet the luminescence signal of the various one-dimensional face sharing octahedral
wires is not strong compared to one dimensional corner sharing octahedra-based quantum
wires. PL spectroscopy has been used here with excitation energies above 3.8 eV for all ma-
terials, while photoluminescence excitation spectra (PLE) have been acquired by monitoring
the tails of the low and high energy luminescence peaks. The material for X = I, shows a broad
PL centered around 470 nm and a weak signal centered at 382 nm. For the case X = Br, the
same set of peaks appears, where the high energy peak at 379 nm peak is much stronger
than in the case of the I, while for the X = Cl case, the high energy peak though appears strong
and its center has blue shifted to at 364 nm. The broad band appearing around 470 nm for

all three cases of X = I, Br, Cl is due to the organic component, however, the high energy peaks
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of the semiconductors are not related in any of the spectra to the pristine organic component.
On the other hand, (CH3)3SCl exhibits PL signal centered at 380 nm, thus, the Cl analogue of
the reported compounds is believed not to exhibit PL signal due to the inorganic network, or
more possibly energy is being transferred from the inorganic onto the organic network ap-
pearing as organic molecule luminescence. The above described behavior is unique in the
perovskite semiconductors. The small PL signal for the [ at 382 nm (3.24 eV), for Br at 379
nm (3.27 eV) could be related to excitonic states, however, for the case of I this would imply
some exciton higher than the observed band gap, which is discussed in terms of the band
structure which shows two band gaps, the direct being slightly higher than the lowest indi-
rect. In all cases, the signal of the organic moiety falls close to that of the inorganic lattice

absorption and energy transfer effects are probably engaged in these systems.

PL Intensity (a.u.)
Synchronous Intensity (a.u.)

300 400 500
X (nm)

Figure 3-8: PL (solid lines) and synchronous (dashed lines) spectra for (a) (CHsz)sSPbls, (b)
(CH3)sSPbBrs and (c) (CH3)3SPbCls (Aexe = 300, 330, 250 nm, respectively).

In order to further resolve spectroscopic details, synchronous luminescence scans have been
recorded and presented in Figure 3-8 in relation to the PL data. In these spectra, (CHz)3SPbls
has shown absorbance related peaks at 380 nm and a broad band centered around 470 nm,
while the Cl analogue shows a strong broad absorption peak around 370 nm. Thus, itappears

that the broad band at 470 nm in the PL and synchronous scans of the precursor organic
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molecule, is strong in the case of (CHs3)3sSPbls, while it is diminished for the Br and Cl ana-
logues; in fact, it is almost vanished in the CI case. Thus, we conclude that the organic com-
ponent, although it shows a broad structure around 470 nm, its signal is being progressively
weakened as the materials shift from I to Br and then to Cl. Moreover, in the same progres-
sion of materials the higher energy peaks at around 320 nm also change, indicating that the
organic molecule is not on its own responsible for this complex PL signals observed, but it is

the interaction of the organic to the inorganic component that creates these complex signals.

3.1.3 Stability and scanning electron microscopy
Poor stability of organic-inorganic perovskite materials in humid conditions has hindered
the success of perovskite solar cells in real-life applications. The compounds are stable in air

even after several months and do not dissolve or react with water.

_;_J A | T = After
] (CH,),SPbI,

== _—J_ A L‘LL.A S . Before

s

S - i

> After

.a - .

: l (( H | S _,_Z-.. { [

2 | .

£ 1 . k dla : Before
:\JM»IMLNl.LFLmM I PR After
] (CH.).SPbCI
_h—a—J\JjLA_JL__ P U R B E?efore

T 1 T

10 20 30 40 50 60 70 80
20(°)
Figure 3-9: XRPD patterns of the samples before and after exposure to 80 °C for 24 hours in ambient
air.

Moreover, XRPD analysis of the samples after exposure to 80 °C for 24 hours in ambient air
shows no signs of degradation (Figure 3-9). Regarding photochemical stability, thin films of

the compounds were deposited from DMF solution on glass/compact TiOz substrates
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(glass/TiOz/perovskite). XRPD analysis of the films after exposure to a solar simulator for 8

hours in ambient air shows no perovskite degradation (Figure 3-10).
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Figure 3-10: XRPD patterns of the glass/TiO2/perovskite films before and after exposure to a solar
simulator for 8 hours in ambient air.

The morphology of the (CH3)3SPblsxBrx and (CHs)3SPblsxClx bulk samples was analyzed us-
ing Scanning Electron Microscopy and their chemical composition was estimated by EDAX.
(CH3)3SPbBr3 appears as well-structured rods (Figure 3-11), whereas (CHs)3SPbCls forms
crystallites with almost spherical shape (Figure 3-12). Figure 3-13 and Figure 3-14 show
the EDAX spectra of (CHs3)3SPbls-xBrx and (CHs)3SPblsxClx (x = 1, 2, 3) perovskites, confirm-
ing their Pb/X atomic ratio, e.g. for (CH3)3SPbBrs with atomic percentage Pb 9.45%, Br
28.28% (Pb/Br 1:2.99 atomic ratio). Noteworthy, [/Br and I/Cl ratios are almost constant on
different spots of each mixed-halide sample, which proves that there are no inhomogeneous

domains in the bulk materials.
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Figure 3-13: Energy Dispersive X-ray spectra of (CHz)3SPbls..Bry perovskites.
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Figure 3-14: Energy Dispersive X-ray spectra of (CH3)3SPbls.«Cl; perovskites.

3.1.4 EHT calculations

In order to evaluate the band structure and energy band gap of the above reported materials
as well as to understand the interplay of the quantum wires with the surrounding organic
moiety, Extended Hiickel calculations have been performed. In particular, given that this type
of calculation is dependent on parameters, the methodology in reference!? has been used,
where the values of 115 have been utilized with the exception of the exponent of the halogen
p Slater type orbitals which was varied in order to match the CH3NH3PbX3 structure band
gap to the experimental value. Some variation in these parameters from those reported in
reference!l?, is due to the different band gaps that were once used derived from optical ex-
periments. Any other effort to vary other exponent is futile, added to the fact that such effort
is not bearing any physical meaning since the halogen is the inorganic network’s connecting
component. Therefore, the Eg values for the 3D perovskite structures X = I, Br, Cl that have
been fitted are 1.5, 2.3, 2.88 eV with found Slater exponents for the outer p orbitals to be
2.47, 2.321, 1.9275, respectively. It is stressed that the quantum wires in this work consist

of face-sharing octahedra, whereas the 3D perovskites contain corner sharing octahedra.
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Thus, the parameters are expected to be optimum, yet give a more than quantitative relation
between structure and band gap as well as band dispersion curves. The EHT calculations
have been performed either by keeping the organic and inorganic component, or by only
using the inorganic component which had been charged negatively with the electrons do-

nated by the organic moieties.
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Figure 3-15: Calculated band structures along selected path in the Brillouin Zone for (CH3)3SPbXs:
a)X=1,b)X=Brandc) X=CL

In all cases, the organic component does not change the HOMO/LUMO energy offsets nor
their dispersion except in the case of  and Br where the introduction of the organic compo-
nent introduces a shift to the two indirect gap k point positions. (CH3)3SPbCls is found to
have a direct band gap, while all I and Br analogues appear to have an indirect band gap as
well, however, with a slightly larger direct band gap. The calculated band dispersion dia-
grams can be found in Figure 3-15.

The calculated band gaps, without including the organic component, are found at 3.51, 4.14
and 4.24 eV for (CH3)3SPbls, (CH3)3SPbBr3 and (CH3)sSPbCls, respectively. The iodide and
bromide show indirect band gap, however the difference from the direct to indirect is much
less than the thermal activation energy, while the chloride is direct band gap semiconductor.
Also, in order to test the above calculations, we repeated the same type of method for
((CH3)3S)4PbsBrio appeared in10, and [CeHsCH2SC(NHz2)2]4Pbsli0 int16, which consist of face-
sharing octahedra broken or infinite wires, respectively. Moreover, EHT calculations were
performed on the mixed halide analogues, assuming various configurations for the disor-
dered I/Br or I/Cl atoms. For the first compound which is the second reported perovskite

based on trimethyl sulfonium, our calculations with the specific exponents, as shown above
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predict a gap of 3.58 eV, i.e. at 346 nm. This is in accordance with the optical spectra in the
same reference as well as with previously reported results.117 Calculations of the second
compound, using the exponents described above, yielded a band gap of 4.43 eV (279 nm),
while the organic part orbital energies appear within the band gap; these results are in agree-
ment with the reference!!? (Figure 3-7), where the excitonic peak appears at 310 nm and
the gap at about 4.3 eV. Also, calculations for the mixed halide analogue (CH3)3SPbIBrz, for
various positions of the Br and I within the unit cell predict band gap values from 2.9 to 3.5
eV, without assuming any supercell structure. These results are again in accordance with the
optical spectra in this work, in the sense that all EHT band gap values computed coincide
with the second peak of the experimental absorption spectra. It is predicted that the mixed
halides are expected to have varying band gap values and it is natural that the experimental

absorption spectra are so broad.

3.1.5 First-principles DFT calculations

Ab initio DFT calculations on (CHsz)sSPbl2Br were carried out to predict the optimized lattice
parameters, band structure, total density of states (TDOS) and partial density of states
(PDOS), using different functions (LAD/CA-PZ, GGA/PBE, GGA/PBESOL) with 240 eV and
380 eV energy cutoffs. (CHs)3SPblzBr is a characteristic example of mixed halide perovskite
in which the site occupancy factors are equal to SOF(I) = 2/3 and SOF(Br) = 1/3. We discuss
here the electronic properties of (CHs)3SPbI2Br from GGA/PBESOL with 380 eV energy cutoff
(Figure 3-16).
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Figure 3-16: Total (bottom) and partial (top) density of states for (CH3)3SPbI,Br.

It appears that p orbitals have higher contribution than s orbitals at the top of the valence
band. The strong hybridization of orbitals can shift the location of the valence bands to the
lower energy area with wider peaks. The PDOS for lead and halogen atoms indicate a weaker
bonding between them. At the top of the valence band, the main contribution is from iodine
and bromine (5p and 4p states, respectively) with overlapping of Pb 6s states. At the bottom
of the conduction band, the main contribution is from X 5s, 6s, and Pb 6p. On the other hand,
the organic cation has little contribution to the top of valence band and bottom of the

conduction band (Figure 3-17).
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Figure 3-17: PDOS contribution to the top of valence band for each atom type of (CHs)3SPbl:Br.
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Figure 3-18: Electronic band structures of (CH3)3SPbl,Br, using different functions with 240 eV and
380 eV energy cutoffs.
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Figure 3-19: Total density of states (TDOS) and partial density of states (PDOS) of (CHs)sSPbl:Br,
using different functions with 240 eV and 380 eV energy cutoffs.

The electronic band structures (Figure 3-18) and DOS-PDOS (Figure 3-19) of hexagonal
(CHs)sSPbI2Br using different functions (LAD/CA-PZ, GGA/PBE, GGA/PBESOL) with 240 eV
and 380 eV energy cutoffs have been evaluated. The computed band gaps from the LAD/CA-
PZ, GGA/PBE results are in good agreement with the experimental Eg, but GGA/PBESOL re-
sults are lower than experimental value. Our theoretical results support the strong relation-
ship between structure properties and energy band gap of different compounds. Figure
3-18 shows significant dispersion associated with the face-sharing networks of [PbXs] octa-
hedra. For example, the obtained values from DFT/ LAD/CA-PZ calculation point to an indi-
rect band gap of 3.38 eV with the minimum from the K to G symmetry point.
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lead-free (CH3)3SSnl3 1-D perovskite

Metal halide perovskites have received great attention in the recent years due to their
potential use as materials in solar cells!!8, and in luminescent devices.!1? The main chal-
lenges to address are the toxicity of lead and the stability of the organic cation in humid
conditions. In search of organic cations that can outperform the stability of well-studied
amine-containing perovskites against ambient conditions 38120, the research community
also explores thiol compounds.121 We have recently reported the use of the trimethyl sul-
fonium cation in hybrid perovskite compounds as a substitute for the hygroscopic me-
thylammonium (MA) and formamidinium (FA) cations. This led to the new series of
(CH3)sSPbXs (X = Cl, Br, I) compounds, which are very stable in ambient air but unfortu-
nately have large band gaps of over 3 eV and cannot be used in solar cells.42122 Moreover,
we extended our research into non-toxic, lead-free perovskites and focused on the air-
stable ((CH3)3S)2SnXe (X = Cl, Br, I) series.123 In this case of 0D compounds, also known as
‘defect’ perovskites, ((CHz)3S)2Snls exhibits a band gap of 1.4 eV and acts as a hole-trans-
porting material in dye-sensitized solar cells with power conversion efficiency (PCE) of
5%. The photovoltaic efficiency of the latter compound is significantly higher than of its
purely inorganic analogues, such as Cs2SnlsBrs with PCE = 3.6% under 1-sun illumina-
tion.124 As for the ASnlz compounds, many reports have been published with A being Cs,
FA and MA. For example, CsSnls acts as hole-transporter in dye-sensitized solar cells with
power conversion efficiency of up to 10.2%125, whereas (FA)o.7s(MA)o.25Snls acts as ab-
sorber and has reached power conversion efficiency of up to 8% in perovskite solar cells.
126 Nevertheless, these compounds suffer from high oxidation rate of the divalent tin in
ambient air. A way to overcome this problem is to alter the halogen content, either by
direct substitution on halogen site with its lighter analogues, e.g. in CHsNH3SnBrxClsx that
can be processed in aqueous solution'??, or by doping the material with SnFz, as in the
case of CsSnls which leads to significant retardation of the oxidation process of the mate-
rial.1?8 Another way to improve the stability of the ASnlz compounds is to dope the A site
with Cs, as in FA1xCsSnls 129 or with bulky organic cations.13%131 In the current work, we
investigate for the first time the crystal structure, chemical stability and spectroscopic
properties of (CH3)3SSnls. This lead-free perovskite material has not been reported so far

and is expected to combine low toxicity with enhanced stability.
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4.1.1 Structural analysis
Powder X-ray diffraction showed that the perovskite compound crystallizes at room tem-

perature with hexagonal symmetry (space group P6smc, No. 186), lattice parameters of a

=b=9.5209(9) A and c = 7.9872(8) A, molecular formula CsHsSSnls, Z = 2 (Figure 4-1).
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Figure 4-1: X-ray powder diffraction pattern of as-synthesized (CHz)sSSnls as well as its decom-
position product ((CH3)3S)2Snls upon exposure of the sample to ambient air for several days. A
theoretical histogram of (CHs)3SSnls is given below. Reflections marked with an asterisk may be
attributed to diffuse scattering of the samples.

Fractional atomic coordinates: Sn (0, 0, 0.514(11)), I (0.3074(9), 0.1537(9), 0.275(8)), S
(1/3,2/3,0.19910),C(0.42780,0.85560,0.29730). The distorted, face-sharing [Snls] pol-
yhedra form 1D chains along the c axis (Figure 4-2). This resembles the crystal structures
of (CHs)sSPbls and 6-FAPbIs 132133, which are also yellow and thermodynamically stable
at room temperature. In fact, the lattice parameters are almost identical with those of
(CH3)3SPbls (a = b = 9.5635(9) A and ¢ = 7.9795(8) A). The trimethylsulfonium cations

occupy interstitial sites between the distorted, face-sharing [Snls] octahedra.
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Figure 4-2 : View of the 2 x 2 x 2 unit cell of (CH3)35Snls along the c axis. Sn atoms (not shown)
reside in the center of the octahedra.

Unfortunately, the intense diffuse scattering of the polycrystalline material did not allow
for an accurate determination of the atomic positions in the trimethylsulfonium group,
which were kept constant based on the structural model of hexagonal (CH3)3SPblz.42 The
thermal displacement values of all atoms were set to 0.03 A2 without refinement. In com-
parison with the structural characteristics of the amine cations, the (CHs)3S* cation be-
haves similarly to the bulky N(CHs)s* cation which also forms a 1D-hexagonal structure
in [N(CH3)4]Snlz 134, rather than to the CHsNHs cation which forms a 3D structure in
CH3NH3Snl3z 127

4.1.2 Optoelectronic properties

Polycrystalline powder of (CHs)3sSSnls was measured in two ways: a) in a sealed quartz
tube under vacuum and b) after pressing under argon atmosphere (glove box) into a 10
mm diameter x ca. 1 mm thick pellet using a set of stainless steel mould and dies, and
then exposed to ambient air. Both samples were measured in diffuse reflectance (R) mode
and the energy band gap was determined via the Kubelka-Munk equation: F(R) = (1-R)?
/ 2R. %5 The optical absorption spectrum of (CHs)3SSnlz (Figure 4-3a) shows a direct
band gap at 2.85 eV. The compound is gradually oxidized to ((CH3)3S)2Snls with a band
gap of 1.4 eV 123 ypon exposure to ambient air, accompanied by color change from bright
yellow to orange-brown and eventually black. To investigate the oxidation rate of

(CH3)3SSnls, UV-Vis spectra were collected on a pellet as a function of the exposure time
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in ambient air (ca. 5 minutes passed before the ‘as-prepared’ spectrum in Figure 4-3b).
A significant decrease of the absorbance over the whole spectrum at the wavelength po-
sition of the energy gap after the first three hours was observed for the (CHz)3SSnls pellet.
Similarly, the energy band gap and the curve profile constantly shift downwards over a
duration of one day, as it eventually converts to the ((CH3s)3S)2Snls spectrum (verified by
the corresponding XRPD pattern in Figure 4-1). Therefore, the trimethyl sulfonium cat-
ion plays an important role in the slow degradation of the sample, compared with previ-
ous reports on 3D hybrid Sn perovskite films35 and CsSnlz 128 that are oxidized within
minutes after exposure to ambient air. This strong stereochemical hindrance in 1D ABX3
compounds has been recently proposed as a way to improve the efficiency and stability

of the perovskite solar cells!36,

300 /

200+

(F(R)hv]*

100+ as prepared
......... af[er1h
sssssaess after 2 h
after 3h
———— after24 h
T b T

g — -
2.0 2. . 3.5 4.0 4.5 5.0

5 3.0
Energy (eV)

15 2.0 2.5
a) Energy (eV)

Figure 4-3: Diffuse UV-Vis reflectance spectra in Kubelka-Munk units for (CH3)3SSnls in the form
of: (a) powder sealed in a silica tube under vacuum and (b) a pellet exposed to ambient atmos-
phere and measured at various times up to 24 hours.

Photoluminescence (PL) spectra were recorded for a sample in the sealed quartz tube,
and the title compound also exhibits weak luminescence with an emission maximum at
414 nm (Figure 4-4), which is related to the 1D exciton recombination that resides in the
infinite chains; it is possible that due to partial degradation, evident in the absorption
peak at ca. 2.25 eV in the as-prepared absorbance spectrum (Figure 4-3b) some Sn-I
chains may have a finite length, resulting in a blue shift of the PL peak. In general,
perovskites compounds with 1D face-sharing octahedra do not have appreciable
luminescence signal'37, whereas higher dimensionality compounds such as monoclinic
2D-((CH3)3S)4Pb3sBr1o exhibit broad photoluminescence signal.1¢ The (CH3)3SSnlz perov-
skite exhibits significantly weaker luminescence after exposure to air for ca. 24 hours

(not shown), due to its gradual decomposition into [(CH3)3S]2Snle.
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Figure 4-4: PL Emission spectrum of (CH3)3SSnls with excitation wavelength at Aex = 300 nm.

4.1.3 Vibrational properties

Multi-temperature micro-Raman spectra of the (CHs)3sSSnls perovskite show character-
istic vibrational modes both of the organic moiety and the inorganic framework. As it also
happens in the case of the lead analogue, (CH3)3SPblz 42, the low frequency region, below
200 cmL, comprises mainly the vibrations in the octahedral Snls inorganic framework. As
shown in Figure 4-5, the frequencies and linewidths of the peaks in the low frequency
region depend strongly on the temperature. In more detail, the peak at 113 cm! is at-
tributed to the Sn-I symmetric stretching vibration.#2 There is a blue shift with regard to
the corresponding Pb-I vibration in the Pb counterpart compound primarily due to the
significantly lower reduced mass of the [-Sn system. The very broad mixed band that ap-
pears in our Raman spectra at 44 cm-, is attributed to the overlap of the I-Sn-I antisym-
metric bend deformation mode with the lattice mode, which involves vibrations of the
organic moiety (CHs)3S+ into the rigid [Snle] lattice42. As the temperature drops between
0 °C to -10 °C, the position of the 112 cm! peak shifts abruptly to approximately 117 cm-
L It is noticeable that thereafter, the frequency of this band remains practically constant
in a wide temperature range, indicating that the Snle octahedra are hardly affected by
thermal contraction. Another remarkable observation is that as the temperature drops
below -20 °C, the two broad bands observed at RT split towards many more narrow

bands which become progressively more distinguished, suggesting a first structural
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phase transition which lowers the symmetry of the Snls octahedra. Furthermore, a sec-
ond phase transition occurs at -160 °C as evidenced by the emergence of a new Raman

band at ~50 cm ! and the fine structuring of several other bands up to 300 cmL.

normalized (arb. units)

S

A s 1
(] L (] 1 (] l 1 1

1
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-195

1 I
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Figure 4-5: Multi-temperature Raman spectra for (CHs)3SSnls. Temperature values are given in
°C

The Raman spectra above 200 cm! consist exclusively of the (CH3)3S* vibrations. The as-
signment of the modes has been done according to ref 138 (Table 4-1). In a general con-
sideration, their frequencies show a small shift, either blue or red, with regard to those
observed in (CHs)sSI at the same temperature (see Fig. S3 in Ref.#? ), which is a conse-
quence of the different local environment of the organic cations i.e. inside the [Snls] inor-
ganic framework. The splitting of several bands at low temperatures (e.g. the SCs defor-
mation at 278 cm below -160 °C) suggests that organic moieties undergo a progressive
increment of their ordering in the perovskite cage and confirm the above-mentioned sec-
ond phase transition. The successive phase transitions show perfect reversibility as the
sample converted back to the hexagonal modification when returned to room tempera-
ture. Using the Linkam temperature cell, high resolution images (not shown) were rec-

orded by the Raman microscope camera on bulk powder. We thus confirmed that the
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color remains yellow over the temperature range -170 to ca. 200 °C. The material decom-

poses at ca. 230 °C, due to the thermal instability of the trimethylsulfonium group.

Table 4-1: Raman frequencies (in cm-1) at RT for (CH3)3SSnls.

Raman shift Vibration type Mode
44 [-Sn-I antisymmetric bend deformation Fag
113 Sn-I symmetric stretching Aig
278 SCs deformation Ax
309 SCs deformation A1
651 SCs symmetric stretching A1
729 SCs antisymmetric stretching
937 CHs rocking

1041 CHs rocking

1308 CHs symmetric deformation A1
1346 CHs symmetric deformation Aq
1405 CHs antisymmetric deformation

1412 CHs antisymmetric deformation

1425 CHs antisymmetric deformation

2910 CHs symmetric stretching Ax
2999 CHs antisymmetric stretching A1
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Lead-free Tin (IV) halide ((CH3)3S)2SnXe perovskites

Perovskite compounds of the general stoichiometry ABX3 exhibit a wide range of chemi-
cal composition from inorganic oxides (e.g. CaTi03)?? to metal-organic frameworks (e.g.
[(CH3)2NHz]M(HCOO)s where M = Mn, Zn)!3%141 and are multi-purpose functional
materials*3133, Halide perovskites have attracted considerable attention over the past
five years due to their application in third generation solar cells and light emitting diodes
124,142-145 [p particular, three-dimensional (3D) hybrid perovskites, such as CHaNH3Pbls,
have already reached more than 20% of power conversion efficiencies in solar cells146-
148 However, this class of compounds suffers from long-term instability in ambient air
due to the hygroscopic amine cations and from the toxicity of lead>. In this regard, non-
toxic Sn-based perovskites are being studied. On one hand, tin(II) halide perovskites are
very sensitive to oxygen or moisture, due to the oxidation of Sn2+ to Sn*+, which inevitably
reduces the photovoltaic performance>6.57.128,149.150, On the other hand, defect perovskites
of the type A2SnXe form the so-called ‘0D structures’ (also known as KzPtCls structure
type), provided that the [SnXs] octahedra are isolated from each other. Their band gaps
are tunable by altering the halogen content and they may readily be solution-processed
for the fabrication of solar cells. In particular, Cs2Snls has been used either as absorber in
perovskite solar cells!51, or as hole-transporting material (HTM) in dye-sensitized solar
cells (DSSCs) with promising power conversion efficiency (PCE) up to 7.8% 152153, First
principle density functional theory (DFT) calculations have widely been employed to un-

derstand electronic structures and chemical bonding in this class of compounds154-156,

In our previous work, we investigated the role of the trimethylsulfonium cation in lead
perovskites halides and mixed halides (CH3)sSPbXs (X = Cl, Br, I) as a stable organic cation
compared to the humidity sensitive methylammonium (MA) and formamidinium (FA)
cations. Unfortunately, the electronic band gaps of these compounds are over 3 eV, and
therefore the materials are not applicable as solar cell absorbers#2122, On the other hand,
the tin-based defect ((CHs)3S)2SnCls perovskite was reported in the literature, but with-
out full crystallographic determination!57. With regard to the dimensionality of the per-
ovskite and perovskite-related structures58159, the trimethyl sulfonium cation allows for
a large variety of polyhedra interconnection. In Figure 5-1, some characteristic examples

are shown: a) orthorhombic 3D-(CHs)3SPbClz122 with vertex- and face-sharing octahedra,
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b) monoclinic 2D-((CH3)3S)4PbsBrio 19¢ with vertex- and face-sharing octahedra, c) hex-
agonal 1D-(CHs)sSPbXs (X = Br/I) with face-sharing octahedra, and d) cubic 0D-
((CH3)3S)2SnXs (X =Cl, Br, I) with no sharing of the octahedra (from the current study).

(CH,),SX

1D-(CH,),SPbX,
(X = 1, Br, I/Br or l/Cl)

+1/2 SnX,

OD‘((CHa):sS)zsnxﬁ
(X =Cl, Br, 1)

Figure 5-1:Various crystal structures at room temperature of Pb and Sn halides that contain the
trimethyl sulfonium cation and exhibit different connectivity of the inorganic octahedra. For sim-
plicity, the disorder of the trimethyl sulfonium cation in (CHs)3SPbCls and ((CH3)35)4PbsBrio is not
shown.

In this work, highly stable trimethyl sulfonium tin(IV) halide defect perovskites were
synthesized and characterized. Their structural and optoelectronic properties strongly
depend on the nature of the halogen atom. The ((CHs)3S)2Snls hybrid was used for the
first time in electrolyte-free, solid-state, dye-sensitized solar cells, reaching high

efficiency and stability of the corresponding devices.
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5.1 Structural analysis

The reaction products of ((CHs)sS)2SnXs (X = Cl, Br, I) were obtained in high purity and
crystallinity. No extra peaks of unreacted precursors or other impurities were observed
by XRPD analysis for all samples (Figure 5-2). The compounds were indexed in the cubic
space group Pa3, (No. 205), as previously reported for ((CH3)3S)2SnCls. The lattice
parameters increase from 12.4493(2) to 12.8525(4) and 13.4586(15) A for X = Cl, Br, I,

respectively.
_ I I ((CH,),S),SnCI,
3 i &
s
Foy
=
g
§ I I I | II I - ((j(il-la)aS)zSnBrG
;J I Ilm l l ((CH,),S),Snl,
T T T T o Oy e — 7 ¥ ;

10 20 30 40 50 60 70 80
2 Theta (°)

Figure 5-2: XRPD patterns for ((CHs)3S)2SnXs (X = Cl, Br, I).

The crystal structure refinement of ((CHs)sS)2SnXe (X = Cl, Br, I) (Figure 5-3) was
performed with the Rietveld method using the following Wyckoff sites: Sn atoms on 4b
(0.5,0.5,0.5), X atoms on 24d (x,y,z), S atoms on 8¢ (x,x,x), C atoms on 24d (x,y,z) and 3
crystallographically non-equivalent H atoms 24d (xy,z). The thermal displacement
values of all non-hydrogen atoms were refined isotropically. Hydrogen atoms were added
using the “Keep” command with default values for C-H bond lengths without further
refinement. All structural parameters (expect for hydrogen atomic positions) and
residual values are listed in Table 5-1. Bond lengths and bond angles are listed in Table

5-2 and Table 5-3, respectively.
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Figure 5-3: Rietveld plots using X-ray powder diffraction data for ((CH3)3S).SnXe: a) X =Cl, b) X
=Brandc) X =1

The [SnXs] octahedra form a 0D network (Figure 5-1) and the (CH3)3S units occupy
interstitial sites between the octahedra with their 3-fold rotation axis in the [111]
direction. The two opposite (CHs)sS units are rotated by 60° to each other and they

exhibit no disorder. In the case of ((CH3)3S)2SnCle, the thermal displacement values of C
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atoms had to be constrained due to the strong correlation with the atomic coordinates.
Noteworthy, the analogue cubic compounds of FA2Snle and MA2Snls (FA =
formamidinium, MA = methylammonium) show very large structural disorder of the

organic cations!69,

Table 5-1: Refined crystal structure parameters and atomic positions for ((CH3)3S)2SnXs (X = Cl,
Br, 1) determined by powder X-ray diffraction. Estimated standard deviations are given in paren-

theses.

Composition ((CHs)3S)2SnCls ((CH3)3S)2SnBrs ((CHs)3S)2Snle
Formula weight (g mol1)  485.8 ¥52%h 1034.5
Space group Pa3 Pa3 Pa3

Lattice parameter, a (A) 12.4493(2) 12.8525(4) 13.4586(15)
Calculated density (g cm3) 1.6723 2.3541 2.8185
Volume (A3) 1929.46(6) 2123.06(11) 2437.81(50)
Z 4 4 4

GOF (F?2) 2.30 3.85 1.58

Rp (%) 9.30 8.21 6.13

Rwp (%) 11.90 11.28 8.23

x(Sn) =y(Sn) = z(Sn) 0.5 0.5 0.5

U(Sn) (A2) 0.0331(9) 0.0366(18) 0.052(9)
x(X) 0.3119(2) 0.30347(17) 0.2919(4)
y(X) 0.0449(3) 0.0420(2) 0.0414(6)
z(X) 0.0345(4) 0.0361(3) 0.0360(6)
U(X) (A2) 0.0420(15) 0.0421(13) 0.061(4)
x(S) =y(S) = z(S) 0.2309(3) 0.2326(4) 0.2362(18)
U(S) (A2) 0.051(3) 0.039(4) 0.07(2)

x(C) 0.3068(8) 0.3067(14) 0.305(4)
y(C) 0.1557(8) 0.1639(13) 0.171(6)
z(C) 0.3302(8) 0.3292(13) 0.336(5)
U(C) (A2) 0.0036 0.021(7) 0.03(3)

Table 5-2: Bond lengths for ((CH3)3S)2SnXe (X = Cl, Br, I) with estimated standard deviations in

parentheses.

Compound

Bond length (A) Bond

Bond length (A)
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Sn-Cl1 2.4455(48) Sn-Cl6 2.4455(38)
Sn-Cl2 2.4455(27) §-C1 1.8160(106)
((CH3)3S)2SnCls  Sn-CI3 2.4455(38) S-C2 1.8160(106)
Sn-Cl4 2.4455(48) S-C3 1.8160(106)
Sn-CI5 2.4455(28)
Sn-Brl 2.6242(38) Sn-Bré 2.66243(26)
Sn-Br2 2.6242(23) s-C1 1.7969(181)
((CH3)3S)2SnBrs Sn-Br3 2.6242(26) S-C2 1.7969(178)
Sn-Br4 2.6243(38) S-C3 1.7969(178)
Sn-Br5 2.66243(23)
Sn-I1 2.8964(56) Sn-16 2.8972(80)
Sn-12 2.8964(80) S.¢l 1.8525(690)
((CH3)3S)zSnls  Sn-I3 2.8964(80) S-C2 1.8525(761)
Sn-14 2.8972(56) S-C3 1.8525(718)
Sn-I5 2.8972(80)

Table 5-3: X-Sn-X Bond angles for ((CH3)3S)2SnXs (X = Cl, Br, 1), with estimated standard devia-
tions in parentheses.

Compound Atom 1 Atom 2 Atom 3 Angle 2-1-3 (°)

Cl Cl 89.4(1)
((CH3)3S)2SnCle Sn Cl Cl 90.6(1)

Cl Cl 180

Br Br 89.51(7)
((CH3)3S)2SnBrs Sn Br Br 90.49(7)

Br Br 180.0(1)

I | 89.5(2)
((CH3)3S)2Snle  Sn | | 90.4(2)

I | 180.0(1)
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5.2 Hirshfeld surface analysis

The Hirshfeld surface maps and their associated 2D fingerprint plots are important tools
for characterizing the surface and intermolecular interactions of molecules!61. Hirshfeld
surfaces and 2D fingerprint plots of ((CHs)3S)2SnXe (X = Cl, Br, I) were generated based
on results of X-ray powder diffraction analysis and refinements. All calculations used a
standard high surface resolution with three different kind of surfaces the 3D dnorm, shape
index and curvedness surfaces over color range red to blue (-0.24 to 1.84, -1 to 1 and -4.0
to 0.4), respectively. The 3D dnorm surface has been used for to identify close interactions
between (CHs)3S and [SnXs] as well as between adjacent SnXe units. The negative values
(red regions) of dnorm indicate intermolecular contacts shorter than van der Waals (vdW)
radii and the positive values (blue regions) refer to intermolecular contacts longer than
vdW radii. White regions with a dnorm value of zero indicate contact distances equal to the
vdW radii. Shape index depicts the type of surface curvature (from -1, concave to +1 con-
vex) and curvedness estimates the magnitude of curvature, from -4.0 (flat), through 0

(spherical) to +0.4 (singular).

(a) (b) ()
Figure 5-4: The Hirshfeld surface of the inorganic octahedra in ((CH3)3S)2Snls: a) dnorm, b) shape
index and c) curvedness surface.

The Hirshfeld surfaces mapped with dnorm, shape index, and curvedness of ((CH3)3S)2Snls
(Figure 5-4) illustrate a close interaction between (CH3)3S and [Snls] in between corner
iodine atoms (Figure 5-5), and non-interacting neighboring [Snls] units. The flat green
areas of the curvedness surface are attributed to low values of curvedness, whereas sharp
blue curvature correspond to high values of curvedness and usually refer to divide the

surface into patches, indicating the interactions between neighboring species.
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(a) (b) ()
Figure 5-5: Hirshfeld surface for the [Snl¢] unit in ((CH3)3S)2Snle: @) dnorm, b) shape index and c)
curvedness.

The 2D fingerprint plots can be deconstructed to highlight particular atom-pair contacts.
This deconstruction enables the separation of contributions from different interaction
types that overlap in the full fingerprint. The Hirshfeld surface analysis of ((CH3)3S)2Snle
shows I-H, I-S, I-] interactions of 83.8%, 8.4% and 7.9%, respectively. This reveals that
the main interactions are between I and H atoms which represent the largest region in
the 2D fingerprint plot with di and de ranging from 1.8 to 3 A, where di and de are the
distances from a point of the surface to the nearest nucleus inside and outside the surface,
correspondingly. Hence, the total distance (di+ de) is about 2.72 A for I-H interactions
(Error! Reference source not found.a). The I-S and I-I interactions represent a small a

rea on the top and middle left side, respectively (b,c).
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Error! Reference source not found.The Hirshfeld surface analysis (dnorm, shape index, and ¢
urvedness) and 2D fingerprint plots for ((CHs)3S)2SnXs (X = Cl, Br) which are shown in
Figure 5-6 and Figure 5-7, are quite similar to ((CH3)sS)2Snls, as summarized in Table
5-4.
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Figure 5-6: Hirshfeld surface analysis: a) dnorm, b) shape index and c) curvedness for

((CH3)3S)2SnBrs, d) dnorm, e) shape index and f) curvedness for ((CHz)3S)2SnCle.
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(a) (b)

Figure 5-7: 2D fingerprint plots of a) H-Br interactions in ((CH3)35)2SnBrs, b) H-Cl interactions in
((CHs]sS]zSnCls
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Table 5-4: Hirshfeld surface analysis for ((CHz)3S)2SnXs (X = Cl, Br, I).

X-H
Surface area %S
included (%) )
X-X
dl]l)[']‘ll
Color scale shape index

curvedness
Volume of the anion (f\3]
Area of the anion [flz)

H-X distance (A)

((CH3)3S)2SnCls

91.4
8.6

-0.017 to 1.89

©-0.999 to 0.999
-3.123t0 0.270

214.06
221.33
2.81

((CH3)3S)2SnBrs

90.4
8.4
1:1
-0.070 to 1.945
-0.997 to 0.997
-2.911 to 0.062
268.64
255.78
2.83

((CH3)3S)2Snls
83.8
8.4
7.9

 -0.245 to 1.84
' -0.998 to 0.999
' -3.339t00.411

355.24
328.93
2.72

Regarding H-X interactions (Figure 5-8a), the wireframe of ((CH3)3S)2Snls shows that
every [Snls] octahedron has 12 H-I bonds with 8 (CH3)3S units, considering that every
iodine atom is bonded to two hydrogen atoms of (CH3z)3S on opposite sides at H-I dis-
tances of 2.85 A and H-I-H angle of 165.14°.
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Figure 5-8: Wireframes of ((CH3z)3S)2SnXe: a) [Snls] unit surrounded by (CHs)sS units, b) (CHz)3S
unit surrounded by [Snls] units, c) [SnBre] unit surrounded by (CHs)sS units, d) [SnClg] unit sur-
rounded by (CH3)sS, b) (CH3)sS unit surrounded by [SnCl¢] units. Dotted, red lines denote hydro-
gen bonds.
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Figure 5-8b shows that each organic moiety (CHz)sS is connected to four adjacent [Snlé]
units. In the case of ((CH3)3S)2SnBrs, each [SnBrs] unit is connected to only two (CH3)sS
units through three H-Br bonds (one from each methyl group) at a distance of 2.83 A.
Regarding the (CHs)sS units, each one is bonded to only one [SnBrs] unit without any
other interaction (Figure 5-8c). Figure 5-8d,e shows the wireframe design of
((CHs)3S)2SnCle where every [SnCls] unit is connected to six (CH3)sS units. Each [SnCls]
octahedron has twelve H-Cl bonds, where every Cl atom is bonded to two hydrogen atoms
in (CHs)sS units facing opposite to each other. The corresponding H-CI bond lengths are
at 2.81 A and the H-CI-H angle is at 133.05°. Each organic moiety is connected to three
adjacent [SnCls] units through H-Cl bonds. It is important to notice that similar extensive
hydrogen bonding has been reported for platinum ((CH3z)sS)2Ptle.CH3CN and
((CHsCH2)3S)2Ptls analoguesi62, where the latter material crystallizes in the same group

as the title compounds.

5.3 Vibrational and electronic properties

The micro-Raman spectra of ((CH3)3S)2SnXs (X = Cl, Br, I) perovskite materials show two

different kinds of Raman active modes, Figure 5-9.
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Figure 5-9: Raman spectra of ((CH3)3S)2SnX¢ (X = Cl, Br, I).

Firstly, vibrational modes of the inorganic SnXs octahedra appear at low frequencies

(30 - 400 cm), namely the no degenerate v(A1g) due to the Sn-X symmetric stretching,
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doubly degenerate v(Eg) due to the Sn-X asymmetric stretching vibration, and triply de-
generate 6(Fzg) as the X-Sn-X asymmetric bending deformation. The lowest frequency de-
tected Raman band is due to the triply degenerate vt(Fzg) lattice mode, which involves
vibrations of the organic moiety (CH3)3S* in the rigid [SnXe] lattice!53163.164 Frequencies
of these vibrational modes are recorded in Table 5-5 and are very similar to those ob-
served in Cs2SnXe (X = Cl, Br, )13, In particular, the frequency shift of the Sn-X symmetric
stretching mode upon halide substitution follows the change of the reduced atomic mass
of the Sn-X harmonic oscillator. Secondly, the rest of Raman active modes which appear
at frequencies above 400 cm! are related to internal vibrations of the organic moiety

(CH3)sS*. A list of them with their attribution according to!38 is included in Table 5-5.

Table 5-5: Frequencies (in cm-1) of Raman active modes for ((CHz)3S)2SnXs (X = Cl, Br, I).

Mode Type ((CHs3)3S)2SnCle ((CHs)3S)2SnBrs ((CHs)sS)2Snle

vl (Fzg) Lattice 66 58 34

8 (Fzg) X-Sn-X asymmetric bending 160 104 78

v (Eg) Sn-X asymmetric stretch 230 140 91

v (A1g) Sn-X symmetric stretch 306 181 112
SCs symmetric 657.4 655.1 650.7
SCs asymmetric 733.8 732.1 727.1
CHs rocking 1051.6 1048.2 1043.6
CHs asymmetric deformation 1430.8 1424.9 1419.9
CHsz symmetric 2926.2 2920.0 2913.7
CHs asymmetric 3011.7 3006.8 3003.1

The nature of the halide strongly affects these modes by shifting them to higher frequen-
cies towards the light halide derivatives. This indicates strengthening of the interaction
between hydrogens in the organic cation and the halides in the inorganic cage. A similar
trend is found for all of methylammonium Raman modes in the MAPbX3 series!97, which
is attributed to the smaller cavity formed inside the inorganic cage of the lighter halides

that reduces the hydrogen-halide distance.
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The electronic properties of ((CHs)3S)2SnXs (X = Cl, Br, I) were investigated using UV-Vis
spectroscopy at room temperature. The diffuse absorption spectra calculated by trans-
forming the diffuse reflectance spectra to Kubelka-Munk units are presented in Figure
5-10. By extrapolating the absorption curves to the energy axis, Egvalues are estimated

at4.1, 2.9 and 1.4 eV for X = Cl, Br and [, respectively.
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Figure 5-10: Diffuse reflectance UV-Vis spectra in Kubelka-Munk units for ((CH3)3S)25nXs (X =Cl,
Br, 1).

Moreover, the band gap values of ((CHs)3S)2S5nXe (X = Cl, Br, I) are slightly larger than the
analogous Cs2SnXe compounds with 3.9, 2.7 and 1.26 eV for X = Cl, Br and I, respec-
tively.153 Similarly, to conventional A2BXs perovskite materials, substitution of halogen
atoms at the X-site will subsequently affect optical absorption properties, which are at-
tributed to the smaller and more electronegative nature of the chloride and bromide an-
ions; in both cases this would increase the magnitude of the band gap164165, Further, the
analogue compounds of MA2Snls and FA2Snls show a monotonic increase in optical band
gap 1.35 eV and 1.37 eV, respectively164. Despite the absence of connectivity between the
octahedra, all A2Snls (A = Cs, CHsNH2, H.NCHNH3, (CH3)sS) compounds exhibit a direct
optical band gap around 1.3 eV. This behavior is attributed to the close-packed iodine
sub-lattice, which gives a rather non flat dispersive conduction band. Similarly to conven-
tional perovskite materials, the valence and conduction band edges are derived from the
inorganic framework. Photoluminescence spectroscopy did not reveal any luminescence

from these compounds regardless the excitation energy.
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5.4 Scanning electron microscopy

The morphology of the ((CHs)sS)2SnXs (X = Cl, Br, I) bulk samples was analyzed using
Scanning Electron Microscopy (SEM) and their chemical composition was estimated by
Energy-dispersive X-ray spectroscopy (EDXS). SEM micrographs of (X = CI, Br) deriva-
tives exhibit angular grain shapes, whereas the (X = I) crystallites form sub-angular

shapes as shown in Figure 5-11.

Figure 5-11: SEM images for ((CH3)3S)2SnXes: a) X=1,b) X=Cland c) X=Br

Noteworthy, the iodide-based material is very sensitive to the electron beam thus SEM

images can only be gained with up to x1000 magnification.

Table 5-6: Atomic weight percentages from EDX analysis for ((CH3)3S)2SnXs (X = Cl, Br, I) in com-
parison with the theoretical values.

((CH3)sS)2SnCle ((CH3)3S)2SnBre ((CH3)3S)2SnCle
KR Theoreti- e Theoreti- L Theoreti-
mental cal mental il mental sa
(Avg) (Avg.) (Avg.)
S 13.01 13.2 6.7 8.52 5.31 6.2
Sn 2191 24.44 10.995 15.78 12.64 11.48
X 399 43.79 63.46 63.71 72.06 73.61

182



CHAPTER (5] ((CHs3)35)25nXs Perovskites

EDXS spectra were obtained from three morphologically different spots for each of the
((CH3)3S)2SnXs (X = Cl, Br, I) perovskites (Figure 5-12) According to EDXS results (Table
5-6), there is lateral uniformity across the samples, whereas the measured elemental con-

tent matches well the nominal chemical composition of the samples.
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Figure 5-12: Energy Dispersive X-ray spectra for ((CHz)3S)2SnXs (X = Cl, Br, I).

5.5 Thermal stability

The bulk materials of ((CHs)3S)2SnXe (X= Cl, Br, I) are stable in air even after stay for sev-
eral months. XRPD analysis of the chloride and bromide samples after exposure to 80 °C
for 24 hours in ambient air showed no signs of degradation. Nevertheless, the XRPD anal-
ysis of ((CH3)sS)2Snls after exposure to 80 °C for one day in ambient air showed a very
small extra peak at 20 = 13.2°, but the sample fully decomposed into Snls after 5 days at
the same temperature as shown in Figure 5-13. No sign of (CHs)3SI or other crystalline
impurities is observed in the powder diffraction pattern. The relative thermal instability
of iodide compared to the chloride and the bromide are attributed to some extent to
weakening of H-X bonds, with increasing halogen size!¢¢. It is noteworthy that other tri-
methylsulfonium-containing compounds can withstand much higher temperatures with-
out decomposition, for example [(CHs)sS]TFSI (TFS = bis(trifluorosulfonimide)) is stable
up to 280 °C197,
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at 80 °C for 5 days
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Figure 5-13: XRPD patterns of ((CHs)3S)2Snls before and after exposure to 80 °C in ambient air

for 1 and 5 days. The blue circle and the black stars denote an unindexed peak and Snly peaks,
respectively.

5.6 First principles DFT calculations
Ab initio DFT calculations of ((CHs)3S)2SnXe (X = Cl, Br, I) were carried out on the opti-

mized structures using the initial crystallographic data to predict the band structure, total
density of states (TDOS) and partial density of states (PDOS). Two functional revised for
solids were employed in this study: the Perdew, Burke and Ernzerhof (PBE)1%® and
PBEsol1%%, with a plane wave cut-off of 340 eV. The electronic band structures (Figure
5-14) of cubic ((CHs)3S)2SnXs (X = Cl, Br, I) using different functions have been evaluated.
In all cases, the computed band gaps (Table 5-7) were lower than the experimental val-
ues, because the band edges are not located at the special k-points'7?, Also, the obtained
values point to direct band gaps with the minimum from the G symmetry point (at the
center of the unit cell in real space). The PDOS peaks of p orbital are closer and sharper
than those of the s orbital to Fermi energy level and appear to have high contribution at
the top of the valence band (Figure 5-15). The strong hybridization of the orbitals can

shift the location of the valence bands to the lower energy area with wider peaks17L
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Figure 5-14: Band structures for ((CHz)3S)2SnXs (X = Cl, Br, I).

Table 5-7: Experimental and theoretical values of band gaps for ((CH3)3S)2SnXe (X = Cl, Br, I).
Computational Eg (eV)

Compound Experimental Eg (eV)

GGE/BPE GGE/BPESOL
((CH3)3S)2SnCls 41 2.96 2.98
((CH3)3S)2SnBrs 2.9 2.00 2.03
((CH3)3S)2Snls 1.4 0.91 0.89
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Figure 5-15: Total DOS for ((CH3)3S)25nX¢ (X = Cl, Br, I).

PDOS show the contribution of each atom in hybridization of orbitals. As an example, the
PDOS of ((CHs)sS)2Snls (Figure 5-16) indicates that the main contribution of the top the
valence band is from 5p states (97.7%) and 5s states (1.1%) of iodine and about 0.15%
from 5s states of Sn and a small percentage of organic moiety atoms. At the bottom of the
conduction band, the main contribution is from anti-bonding (72.96% 5p states and
5.87% 5s states) of the [ atom and 21.17%, 5S states of Sn. The present results explain a
strong covalent nature of the Sn-I bond in the [Snls] framework, leading to the formation
of I 5p - Sn 5s conduction band and transferring electrons to the Sn ion, which improves

the stability of the ((CH3)3S)2Snls phase.
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Figure 5-16: Partial DOS for ((CH3)3S)2Snle.

5.7 Solar cells fabrication

Fluorine-doped tin oxide (FTO) transparent conductive glass plates (7 ohms/(}, Sigma-
Aldrich) were ultrasonically cleaned with Detergent (Hellmanex 2% in water), deionized
water and ethanol successively. After cleaning, the glasses were dried out at room tem-
perature. For the preparation of approximately 6-7 um thickness of TiOz layer, 18-NRAO
(Dyesol) paste was deposited by doctor blade technique on the FTO glasses which were
then annealed at 500 °C. Subsequently, a 6 um thickness TiOz layer of average nanoparti-
cle size 400 nm (WER4, Dyesol) was also deposited by doctor-blading. The films were
gradually annealed at 125 °C for 5 min, 325 °C for 15 min and 525 °C for 30 min.

The modified electrodes were post-treated with TiCls aqueous solution 20 mmol/L at 70
°C for 10 min and after cleaning with deionized water and ethanol were annealed at 500
°C for 30 min. The as-prepared TiOz films were immersed into a solution of 3.0 10-4 mol /L
in Z907 dye (Dyesol) (cis-bis(isothiocyanato) (2,2'-bipyridyl-4,4-dicarboxylato)(2’-
bipyridyl-4,4’-dinonyl)-ruthenium(II)) and 3.0x104 mol/L chenodeoxycholic acid
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solution in a 1:1 v/v mixture of acetonitrile/tert-butanol for approximately 8 hours.

For the use of the perovskites in solar cells, 103.4 mg of ((CH3z)3S)2Snls, 24.2 mg of
((CH3)3S)2SnCle and 37.6 mg of ((CH3)3S)2SnBrs were dissolved in 0.4 mL DMF under
stirring at 40 °C for 10 minutes (for ((CHs)3S)2Snls) or at 60 °C for 20 minutes ((for
((CH3)3S)2SnCle and ((CHs)3S)2SnBrs). Efforts were made to increase the efficiency of the
((CHs)sS)2Snle-based cells by adding dopants in the perovskite solution. tert-Butyl
pyridine (TBP) was added to this solution as dopant with a volume-to-mass ratio of 1:26
uL/mg TBP: ((CHs)sS)2Snls. Another stock solution was prepared by dissolving 520 mg
bis(trifluoromethane)sulfonimide lithium (Li-TFSI) in 1 mL acetonitrile, and then 15 pL
of this solution were also introduced as additive. A drop of the perovskite solution was
placed on top of a platinized (100 nm thick prepared by sputtering) FTO glass (cathode
electrode) and left to dry at 40 °C. The same procedure was followed for the Z907/TiO2
films (photoelectrode). The cathode electrode was placed on top of the photoelectrode
after an extra drop of the perovskite solution was casted on it. [llumination of the samples
was made with Xenon 300 W source solar simulator in combination with AM 1.5G optical
filters (Oriel). Current density-voltage (J-V) characteristics were drawn with an Autolab
PGSTAT-302N potentiostat using linear sweep voltammetry in a 2-electrode system at a
scan rate of 50 mV secl. The active area of the device was set to 0.152 cm?2 by using a
mask in front of the cell.

The newly synthesized tin(IV) defect perovskites were incorporated in electrolyte-free
solar cells of the type FTO/Ti02-Z907/ /((CH3)3S)2SnXes//Pt/FTO, using the nanopartic-
ulate titania films sensitized with the Z907 dye and their photovoltaic properties were
evaluated. Figure 5-17 presents the J-V plots recorded under 1 sun illumination, for the
((CH3)3S)2Snls —based solar cells, with and without additives (tert-Butyl pyridine and
bis(trifluoromethane)sulfonimide lithium), as dopants. The calculation of the solar cells’

efficiency was achieved by integrating the obtained J-V curves using equation (Eq. 5.1):

_ (JV)max
n% =~—5—x100  (Eq.5.1)

where (] V)max is the maximum value of the | V product, as extracted from the J-V plot,
and P is the power density of the incident light. For the FF calculation we used the equa-
tion (Eq. 5.2):

_ (JV)max
- ]SCVOC

By recording J-V plots for the solar cells containing the ((CHs)3S)2Snls perovskite with

FF (Eq.5.2)
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and without additives in the solution we have seen significant increasing of the cells’ ef-
ficiency by 92%. More specifically, the Voc as well as the Jsc increases significantly with the

use of dopants in the ((CHs)3S)2Snls perovskite solution (Table 5-8).
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Figure 5-17: Current Density — Voltage plots for the DSSCs containing ((CH3)3S)2Snls with and
without additives under 1 sun illumination.

The Jsc for the cell without the use of additives was recorded at 15.48 mA cm-2and the Voc
at 0.38 V. The efficiency was calculated at 2.64% and the FF at 0.45. The short-circuit
photocurrent value for the cell containing the ((CHs)3S)2Snls perovskite with additives in
the solution was 20.05 mA cm2, while the Voc was 0.48 V and the cell efficiency was cal-
culated at 5.07%. ]J-V plots were also obtained for cells using ((CHs)sS)2SnCls, and
((CHs3)3S)2SnBre with additives.

Table 5-8: |-V Characteristics (1 sun-illumination) for ((CH3)sS)2Snls containing DSSCs with or
without additives in the electrolyte and for ((CHs)3S)2SnCls, ((CH3)3S)2SnBrs with additives.

HTM in solar cell Jsc (mA cm2) Voc (V) FF n (%)
((CHs)3S)2Snls without additives 15.48 0.38 0.45 2.64
((CH3)3S)2Snls with additives 20.05 0.48 053  5.07
((CH3)3S)2SnBrs with additives 0.75 0.77 052  0.30
((CH3)3S)2SnCls with additives 0.39 0.48 021  0.04
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The results shown in Table 5-8 are not as encouraging as the cells using ((CH3)3S)2Snle.
The very low efficiencies of 0.04% for ((CH3)3S)2SnCls and 0.30% for ((CH3)3S)2SnBreare
attributed to the non-uniform deposition on the photoanode electrode and their lower
concentration in DMF because of their low solubility.

For the better understanding of the electrical parameters of the solar cells containing the
((CHs)sS)2Snls perovskite (with additives), electrochemical impedance spectroscopy was
applied. The analysis was performed under 1 sun illumination and Figure 5-18 shows

the characteristic Nyquist plot.
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Figure 5-18: Nyquist plot for ((CHs)sS)2Snls-containing solar cell under 1 sun illumination. The
inset shows the equivalent electrical circuit model used for the simulation of the EIS data.

In the Nyquist plot, 3 separate semicircles appear and only one single semicircle is shown
at the high frequency range depicting the compact character of the Pt sputtered counter
electrode. It consists of (i) Rs, the ohmic series resistance that is determined from the
resistance of the contacts and the perovskite and the substrate, (ii) The Rpt/perovskite cCharge
transfer resistance and the constant phase element Qpt/perovskite at the interface of the Pt
and perovskite, (iii) the Rrec, recombination resistance and Qrec which corresponds at the
interface of photoanode with the perovskite and (iv) the Rper transport resistance and Qper

of the perovskite. The corresponding values are shown in Table 5-9.
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Table 5-9: Calculated values for the equivalent circuit parameters Rs, Rpi/per, Rrec and Rper of a
((CH3)sS)2Snls-containing solar cell.

Rs (Ohm) | Ret/per (Ohm cm?) | Rrec (Ohm cm2) | Rper (Ohm cm?)

1 sun illumina- | 39 0.65 4.06 3.02

tion

The quality of the curve fitting is verified by the obtained mean square deviation that is
below 0.008. Noteworthy, the Rper (S = active area, 0.152 cm?2) value of 3.02 Ohm cm? is
much lower than that obtained from the standard HTM spiro-OMeTAD!7Z, revealing eas-
ier charge transport and confirming the advantage of using ((CH3)3S)2Snls perovskite in

DSSCs.
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((CH3)3S)zsn16-nCln and ((CH3)3S)2SHI(,-HBI‘H (l‘l= 1, 2)

perovskites

Hybrid perovskites are currently among the most promising materials for optoelectronic
applications including solar cells and light emitted diodes (LEDs), due to their high effi-
ciency, solution processing ability and low-cost production 173-175, Recently, engineering
approaches and optimization of the preparation procedures led to perovskite solar cells
(PSCs) with power conversion efficiency (PCE) exceeding 23%173.176-182 However, the
practical application of these devices still remains under question, as serious environ-
mental (toxicity) and technological issues (stability) are reported, mainly due to the pres-
ence of toxic lead (central metal) and highly hydrophilic organic cations (methyl ammo-

nium-MA or formamidinium-FA) 55,

As a good alternative to lead perovskites, less toxic tin-based analogues were developed
but the long-term performance of the corresponding devices is seriously affected by the
progressive oxidation of Sn2+to Sn4+5657, On the contrary, the Sn*4-based molecular sem-
iconductors Cs2SnXe show enhanced stability and have been successfully employed as
hole transporting materials (HTMs) in efficient dye-sensitized solar cells
(DSSCs)124152.153, These defect perovskites render DSSCs more attractive photovoltaics
combining robustness, air-stability and low manufacturing costs 145.183-187 [n addition,
some attempts were undertaken to replace the humidity sensitive FA and MA cations in
the perovskite structure. Thus recently, the hydrophobic trimethylsulfonium [(CH3)3S*]
organic cation was incorporated in (CH3)3SPbXs (X = Cl, Br, I) perovskites presenting en-
hanced chemical stability and very interesting structural and electronic properties!23,
Herein, we report in depth analysis of the trimethyl sulfonium tin (iv) mixed halide defect
perovskites [((CH3)3S)2SnlenCln and ((CHs)3S)2Snle-nBrn (n=1, 2)] and their use as HTMs
in DSSCs, confirming efficient hole extraction across ((CHz)3S)2SnXe to the Pt counter

electrode in these devices.

6.1 Structural analysis

For all samples, the XRPD patterns did not show peaks of unreacted precursors or other

impurities (Figure 6-1a). The new perovskites ((CHs)3S)2Snls-nCln and ((CHs)3S)2Snle-
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nBrn (n=1, 2) obtained from solid-state synthesis present high crystallinity and have 0D
cubic symmetry (space group Pa3, (No. 205), in agreement with our previous work on
((CH3)3S)2SnXs (X= Cl, Br, I) 123, A small gradual shift of the characteristic peaks around
11.3,13.1, 26.4 and 27.2° is observed towards higher 20 values with increasing Cl or Br
content. The partially substitution of iodide (ionic radius, I- = 220 pm) by smaller size
chloride (ionic radius, Cl- = 181 pm) or bromide (ionic radius, Br- = 196 pm)*3, is accom-
panied with the octahedral deformation. Their distortion and shrinkage are confirmed by
the observed shift of XRD peaks to higher angles, as shown in Figure 6-2. Structural anal-
ysis was performed for ((CHs)sS)2SnlenCln and ((CHs)sS)2SnlenBrn (n=1, 2) with the
Rietveld method using initially the structural model of ((CH3)3S)2Snls, without further re-
finement of the trimethyl sulfonium group. For the 0D crystal structure refinement, the
following Wyckoff sites were used: Sn atoms on 4b (0.5,0.5,0.5), S atoms on 8¢ (x, X, x), C
atoms on 24d (x, y, z) and split position of mixed halide on 24d (X, y, z). In the last case
the halide sites are mixed occupied by I and Cl/Br atoms in a 0.167:0.833 ratio for IsCl
and IsBrand a 0.333: 0.667 ratio for 14Cl2 and 14Br2. Moreover, the default values for C - H
bond lengths have been added for the three non-equivalent crystallographic H atoms at
24d (x, y, z) without any more refinement and thermal displacement values were refined
isotropically for all non - hydrogen atoms. Thus, the obtained refined crystal structure is

shown in Figure 6-1b, and the atomic parameters are listed in Table 6-1.
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Figure 6-1: a) XRPD patterns of ((CH3)3S)2Snls.nCls and ((CH3)3S)2Snle.nBry. b) Crystal structures
of the compounds based on Rietveld refinement.

The lattice parameters of ((CHz)3S)2SnlsnBrn decreased from 13.46 to 13.37 and 13.29 A
for n=1 and 2, respectively. Accordingly, the lattice parameters of ((CH3)3S)2SnlsnCln de-
creased from 13.46 to 13.33 and 13.21 A for n= 1 and 2 respectively.
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Figure 6-2: XRPD patterns of ((CH3)3S)2Snle.nCla and ((CHs)3S)25nls.nBry (n = 1,2) with gradual
shift of the diffraction peaks to higher angles compared to ((CH3)3S)2Snl¢ as a result of halogen

substitution.

Table 6-1: Atomic parameters of ((CH3)3S)2Snle.nCl, and ((CHsz)sS)2Snls.nBra (n=1, 2) based on the

XRPD analysis.
Atom  Wyck. site S.0.F. x/a y/b z/c
I 24d 0.833 0.2915 0.0415 0.0359
Br 24d 0.167 0.2915 0.0415 0.0359
Eﬁ, Sn 4b 1 Y2 % %
GE S 8c 1 0.237 0.237 0.237
E C 24d . 0.307 0.168 0.337
EM Hilc 24d 1 0.27070 0.17220 0.39820
= H2c 24d 1 0.31440 0.10010 0.31780
H3c 24d 1 0.37130 0.19790 0.34550
I 24d 0.667 0.29110 0.04170 0.03580
& Br 24d 0.333 0.29110 0.04170 0.03580
% Sn 4b 1 Y Y2 Y%
:i:. S 8c 1 0.23770 0.23770 0.23770
E«,‘ C 24d I 0.30840 0.16620 0.33840
% Hlc 24d 1 0.26970 0.16510 0.39840
H2c 24d 1 0.31990 0.09930 0.31640
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H3c 24d 1 037080 019830  0.35090
1 24d 0833 029110 004170  0.03580
cl 24d 0167 029110 004170  0.03580

S Sn 4b 1 7 v %
a S 8¢ 1 023770  0.23770  0.23770
E: C 24d 1 030810  0.16640  0.33820
g Hic 24d 1 027000 016620  0.39840
= H2c 24d 1 031880  0.09920 0.3 1660
H3c 24d 1 037110  0.19780  0.35000
1 24d 0667 029010 004230  0.03550
i 24d 0333 029010 004230  0.03550

S Sn 4b 1 e v v
4 S 8¢ 1 023850  0.23850  0.23850
2 C 24d 1 030990 016030  0.34260
= Hic 24d 1 027130 015970  0.40260
= H2c 24d 1 031940  0.09340  0.31980
H3c 24d 1 037340 019030  0.35550

6.2 Electronic and Vibrational properties

Figure 6-3 shows the micro-Raman spectra of ((CHs)3S)2Snle-nCln and ((CHs)3S)2SnlenBrn
(n=1, 2) perovskite materials. Two different types of Raman active modes are observed,
external vibrations in the [SnlenCln or Is-nBrn] octahedra, appearing at frequencies
between 30 and 200 cm! as well as internal vibrations of the organic trimethyl sulfonium
(CHs)sS molecule, at wavenumbers above 200 cm. In addition, for the pure iodide
perovskite, three Raman vibrational modes of the Snls octahedra are observed: the no
degenerate v(A1g) due to the Sn-I symmetric stretching, doubly degenerate v(Eg) due to
the Sn-I asymmetric stretching vibration, and triply degenerate §(F2g) as the halogen-Sn-
[ asymmetric bending deformation, which were approximately located at 119, 91 and 78
cm, respectively. Amongst them, the v(Aig) is by far the most intense. In mixed halide
materials ((CHs)sS)2Snle-nCln and ((CHs)sS)2Snls-nBra halide ions (I, Br/Cl) occupy the
octahedron corners randomly like in MAPbIz-xBrx 188. For this reason, several new high
energy V(Aig) bands are observed in the Raman spectra, at 134, 146, 164 cm! for
((CH3)3S)2SnlsnClnand 126, 133 and 149 cm! for ((CH3)3S)2Snls-nBra. The new bands are

attributed to randomly occupied octahedral corners by I and Cl/Br ions, according to
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their halide compositions. Moreover, we fitted the most intense v(A1g) phonon band with
a Gaussian curve (Figure 6-3), for all investigated perovskite, which indicates a red
frequency shift of this band was observed from 119 to 126 and 134 cm™ upon iodide
substitution with Br or Cl, correspondingly. This is in agreement with the model of
harmonic oscillator 122, taking into account the differences in the atomic mass of the Sn-
Cl and Sn-Br halides. Furthermore, the relative intensities of the newly formed high
energy V(Aig) bands considerably change for the di-substituted ((CHs)3S)2Snl4+Brz and
((CH3)3S)2Snl4Cl2 compounds, reflecting the uniform distribution of substituting anions
in the atomic level. Recorded frequencies of all these vibrational bands are in good

agreement with the Cs25nXs (X = Cl, Br, ) analogues 153,

((CH,);5),Snl Br,

3 A
s g |
2 £ ((CH,)S),8nlCl
b 0 J . 332 )only
2 o W
£ £
((CH;);8),Snlg
4:0 6.0 BID 160 1&0 1:10 1é0 160 260 4:0 BIO Slﬂ 160 1&0 1;10 1é0 160 260
Raman shift / cm™ Raman shift / cm™
(a) (b)

Figure 6-3: Raman spectra of ((CHsz)sS)2Snls.Bryn (a); and ((CHs)sS)2Snls.nCly (b) perovskite,
where (n=1, 2)

Moreover, Temperature dependent Raman experiments were performed in order to
study the lattice vibrational modes and phase transitions over wide range (-190 to 100°
C of temperature. The results for the ((CHs)3S)2Snls compound, presented in Figure 6-4,
show that a phase transition at lower symmetry occurs below -50°C. This phase transition
most likely incorporates tilting of the inorganic octahedra, as already reported for

MAPbDIs perovskite and other defect perovskite compounds (Cs2Snls) 133,
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Figure 6-4: Temperature dependent Raman spectra of the ((CHs)3S)2Snls perovskite.

To determine the optoelectronic properties of the ((CH3)3S)2Snls-nClnand ((CHz)3S)2Snle-
nBrn (n=1, 2) perovskites, Figure 6-5a shows the corresponding diffuse reflectance
spectrum. The bandgap energies gradually increased from 1.43 to 1.50 eV upon partial
Iodide substitution. Accordingly, Eg values equal to 1.43, 1.46, 1.47 and 1.49 eV are
estimated for [IsBr], [IsCl], [I4Brz] and [I4Clz] inorganic frameworks, respectively, thus
confirming their close dependence on the chemical composition of the perovskite and

especially on the nature of the anionic (halogen) species.
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The experimental results are in good agreement with the performed DFT calculations. As
example, the corresponding band diagram along the crystal symmetry directions in the
first Brillouin zone are presented in Figure 6-5b for ((CH3)3S)2SnIsBr. The coordinates of
the special points of the Brillouin zone are G (0, 0, 0), X (0.5, 0, 0), R (0.5, 0.5, 0.5), M (0.5,
0.5, 0), in terms of the reciprocal lattice unit vectors, give a direct band gap value of about
1.55¢eV.

87 ((CH;);S),SnlBr
74 = aaape————— — o
] 4
s_
] 3
5" —_—
g“ 32_ ———
e B e e
3_ Q@
| —{(CH3)35)23n|5BI‘ I.I:.I 0
2 —— ((CH,),S),SnICl
i 1 ——((CH,),S),Snl,Br,
1 / — ((CHy)38),Snl,Cl,
0 .I L Ll
1.5 2.0 2.5 3.0 i
X R M G
a] Energy (eV) b:] R

Figure 6-5: a) Diffuse reflectance spectra (in Kubelka-Munk units) for ((CH3)3S)2Snls..Cls and
((CH3)3S)2Snls.nBry, b) Band structures of the ((CHsz)sS)2SnlsBr compound.

Relatively higher Eg values were obtained for the ((CH3)3S)2Snls-nCln and ((CHs)sS)2Snls-
nBrn compounds (Figure 6-6). The calculated bandgap values gradually increase with
increasing bromide or chloride substitution (Table 6-2) and refer to direct band gaps

between the valence and conduction bands at the G symmetry point for all samples.

5 ((CHy);S),Snl,Br, ((CH5);8),8n1,Cl, {(CH,),8),Snl.Cl
e Sa i = e e
44 4 4
34 3 3-
= U Wt o e e 1 5 < R — —
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Figure 6-6: Band structure of mixed-halide perovskites.

Table 6-2: Experimental and theoretical band-gap values (using GGE/BPESOL function) for
([CHg)sS]zSﬂ[s.nCln and ((CHg]aS}zSnls.HBl"n [l'l= 0,1,2]

Compound Experimental Eg (eV) Computational Eg (eV)
((CH3)3S)2Snls 1.38 0.89
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((CH3)3S)2SnlsBr 1.43 1.2
((CH3)3S)2Snl4Br: 1.47 1.5
((CHz)3S)2SnIsCl 1.46 1.4
((CH3)3S)2SnlsCl3 1.49 1.8

6.3 Morphology and chemical composition

The morphology of the bulk materials of ((CHs)3S)2SnlenCln and ((CH3)sS)2Snls-nBrn was
investigated using Scanning Electron Microscopy (SEM) and their chemical composition
was determined by Energy-dispersive X-ray spectroscopy (EDXS). SEM micrographs of
mixed halide compounds are very similar to those recorded for ((CH3)3S)2Snle 123 exhib-
iting angular grain shapes. EDXS data were obtained from three different spots for each
compound and the mean values of elemental content match well the nominal (theoreti-

cal) chemical composition of the samples (Table 6-3).

Cc Br 8ClI Sn | Br Br

| I l Mll ({CH,),S),Sn1,Cl,

l i IIH‘I ((CH3)38),Sn1Cl

3 |

)

g—"‘-——j l lu" A{(CHﬁiﬁlzﬁnl‘Br,

o

o o4
_‘ Aa _1_ L‘m ___“_cmsn_zs_mﬂg_r
e .,_,-.LA ((CHg):S),Snl
0 1 2 3 4 5 11 12 13 14 15

a) Energy (eV)

Figure 6-7: a) EDX spectra of ((CH3z)sS)2Snls.xCly and ((CHz)3S)2Snle.nBry. b) EDXS mapping of
((CH3)sS)2SnlsClr and corresponding SEM picture.

Table 6-3: Chemical composition of ((CHs)3S)2Snls.xCly and ((CHz)3S)2Snle.nBrn (n=1, 2) based on
EDX analysis along with the theoretical values.

((CH3)3S)2SnlsBr ((CH3)3S)zSnlsBrz ((CHs)3S)2SnlsCl ((CHs)3S)2SnlaClz
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exp. calc. exp. calc exp. calc. exp. calc.
C 8.07 7.3 9.27 7.66 6.2 7.45 10.16 8.46
S 5.6 6.49 5.8 6.82 3.69 4.34 6.83 7.53

Sn 13.47 12.02 14.19 12.62 19.52 17.51 17.66 13.94

I 62.26 64.26 47.79 53.97 63.7 64.79 53.77 59.61

Br 10.59 8.09 22.29 16.99 - - - -

Cl - - - - 6.88 591 11.58 8.33

The characteristic EDXS spectra are shown in Figure 6-7a and the EDXS maps for
((CH3)3S)2Snl4Clz (Figure 6-7b) show large areas with good lateral uniformity which ver-

ifies the uniform distribution of different atoms on the bulk materials.

6.4 First principles DFT calculations

All first principles calculations were performed to obtain electronic partial density of
states (PDOS) and energy band structure, using the plane wave pseudopotential method
of quantum density functional theory (DFT) in the gas phase (CASTEP package) 9. The
electron-ion interaction was simulated with the GGA/PBE exchange-correlation 97.189.190,
The cut-off energy was set at 450 eV for all compounds and equilibrium geometry opti-
mization was carried out using BFGS algorithm to get well relaxed structures. The DFT
calculations (Figure 6-6, Figure 6-8) of the cubic structures of ((CHs)3S)2Snls-nCls and
((CH3)3S)2SnlenBrn(n=1, 2) were carried out on the optimized geometry of cell structures
refined from XRD data. The XRD results were used in order to make an in-depth analysis
of their structural, electronic, and energetic properties. Partial density of state (PDOS)
diagrams reported in Figure 6-8c,d, shows that the main contribution to the top valance
band comes from the 5p state of mixed halogen IsBr with little participation of the 5s
state. In contrast, the main contribution to the top valance band of ((CH3)3S)2SnIsCl is the
5p state of mixed halogen IsCl, which predicts stronger covalent bond with Sn atoms than

subtitled bromide.
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Figure 6-8: a, b) Density of state ((CHz)3S)2SnlsBr and ((CH3)3S5)2SnlsCl compounds, respectively.
¢, d) Partial density of state of Sn and mixed halogen in ((CH3)3S)2SnlsBr and ((CH3s)sS)2SnIsCl
compounds.

On the other hand, the main contribution to the conduction band arises from anti-bond-
ing 5p states of the halogen atoms and 5s states of Sn atoms. The strong hybridization of
halogen (5p)-Tin(5s) bonds leads to mostly covelent interaction and permits the transfer

of electrons from halogens to tin atoms, thus improving the stability of compounds.

6.5 Electrodes and solar cells fabrication

The solar cells were prepared following a well-established procedure in our lab 123, FTO
conductive glass electrodes (7 ohms/cm?2) were cleaned in ultrasounds (successively
with Triton X100, deionized water and ethanol, for 15 min each step) and dried using N2
flow. On the FTO electrodes, a 6 pm thick TiOz layer was deposited by doctor blade using
the 18-NRAO paste, dried in air and then annealed for 60 min at 500 °C. This was followed
by the deposition of a second TiO:z scattering layer (also 6 um thick), prepared using the
WERA4 paste with average particle size of 400 nm. The composite films were sequentially
annealed [at 125 °C (5 min), 325 °C (15 min) and 525 °C (30 min)] and post-treated with

a TiCls aqueous solution (20 mmol/L) at 70 °C for 10 min. Then, the obtained composite
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titania electrodes were washed with deionized water and ethanol, dried and finally an-
nealed at 500 °C for 30 min. The TiO:z electrodes were sensitized by immersion into dye
solutions for approximately 72 hours. For Z907, 0.3 mmol/L of dye and 0.3 mmol/L che-
nodeoxycholicacid ina 1:1 v/v mixture of acetonitrile: tert-butanol were used. In the case
of N719 and D35 dyes, the electrodes were immersed into a 0.3 mmol/L and 0.2 mmol/L
dye solution in ethanol, respectively. As for the MK-2 dye, the electrodes were immersed
into a 0.3 mmol/L dye solution in a 1:1:1 v/v/v mixture of toluene: acetonitrile: tert-bu-

tanol.

For the perovskite solutions, 103.4, 98.7, 94.1, 94.3 and 85.2 mg of ((CH3z)3S)2Snls,
((CH3)3S)2SnIsBr, ((CHs3)3S)2SnlsBrz, ((CH3)3S)2Snl4Cl and ((CHs)sS)2Snl4Clz respectively,
were dissolved in DMF (0.4 mL) under stirring at 50 °C (10 min.). The perovskite solu-
tions were filtered by PTFE 0.45 um filter and then, 10.4 uL of TBP and 15 pL of Li-TFSI
(from a stock solution of 520 mg Li-TFSI in 1 mL acetonitrile) were added as dopants to
increase the conductivity of the ((CHz)3S)2Snls-nCln and ((CH3)3S)2Snle-nBra HTMs. A drop
of the perovskite solution was placed on top of the dye/TiO2 photoelectrode and left to
dry at 50 °C. An extra drop of the perovskite solution was casted on the platinized (100
nm thick prepared by Pt sputtering on FTO glass) cathode electrode which was placed on

top of the photoelectrode and the sandwich structure was dried again at 50 °C.

((CH3)3S)2Snle-nCln and ((CHs)sS)2Snle-nBrn perovskites were employed in electrolyte-
free DSSCs of the type: FTO/TiOz2-dye//Mixed halide perovskite//Pt/FTO. The meso-
porous nanocrystalline TiOz electrodes were sensitized by different molecular antennas
including both metal organic (Z907, N719) and organic (MK2, D35) dyes. The J-V curves
of the DSSCs incorporating ((CHsz)3S)2SnlenCln or ((CH3)3S)2Snls-nBrn as HTMs are shown
in Figure 6-9a. It should be noted that in all cases the perovskites were doped with Li-
TFSI and TBP additives in order to increase their hole carrier concentration and improve
the corresponding DSSCs photovoltaic characteristics as previously reported 191.192,
From the J-V plots (Figure 6-9) the values of short-circuit photocurrent density (Js),
open-circuit voltage (Voc), fill factor (FF) and power conversion efficiency (PCE) were de-
duced. PCE is defined as the ratio of the maximum electrical power produced by the cell

(JV)max over the incident light power (P), following equation (Eq. 6.2):

PCE % =128 100 (Eq.6.1).

For the calculation of the fill factor values we used the equation (Eq. 6.2):
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_ (JV)max
B ]SCVOC

Table 6-4 summarizes the photovoltaic parameters. Among the different types of cells,

FF (Eq.6.2)

those combining the Z907 sensitizer (transition metal complex) with the perovskite
(HTMs) based on pure iodide and monosubstituted Bromide/chloride, achieved the high-
est performance, 5.07% and ~ 4%, correspondingly, Figure 6-9a. The highest value of
the photocurrent density (20.05 mA/cm?) was recorded for the pure iodide-based per-
ovskite. This value was reduced to 14.03 and 12.06 mA/cm? for monosubstituted bro-
mide and chloride respectively. In contrast, the fill factor (FF) increased with increasing
the electronegativity of the substituted halogen taking values of (0.53, I), (0.56, Br) and
(0.60, Cl), respectively. It is well known that doping the perovskite with a small amount
of Cl or Br results in a decrease of recombination rate and increase of charge carriers
lifetime 193194, Also, quite high efficiency of 2.7% was observed for the N719 sensitizer
(Figure 6-9b) than those obtained with organic of MK2 and D35 dyes (1.77% and 1.12%,

respectively).
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Figure 6-9: a) Photovoltaic performance of ((CH3)3S)2Snle.Cl, and ((CHz)3S)2Snle.nBr, com-
pounds on Z 907 dye. B) I-V curve of ((CH3)3S)2Snl¢ based on different type of transition metal
complex (Z907, N719) and organic (MK2, D35) dyes.

Table 6-4: Photovoltaic parameters of cells employing the entitled perovskite compounds and
different dye sensitizers.

Dye Compound J sc(mA/cm?) Voc(V) FF PCE %
D35 ((CH3)3S)2Snls 4.34 0.49 0.53 119
MK2 ((CH3)3S)2Snls 10.50 0.4 0.42 177
N719 ((CH3)3S)2Snls 9.54 0.49 0.57 2.68
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((CH3)3S)2Snls 20.05 0.48 0.53 5.07
((CH3)3S)2SnIsBr 14.03 0.51 0.56 4.02

Z907  ((CH3)3S)2SnlsBr: 6.36 0.49 0.53 1.64
((CH3)3S)2SnIsCl 12.06 0.55 0.60 4.00
((CH3)3S)2SnlaClz 8.66 0.59 0.58 2.95

In fact, electrochemical impedance spectroscopic analysis performed (Figure 6-10) con-
firms that the mono substituted halogen (chloride or bromide) perovskites in cells based
on Z907 sensitizer present higher recombination resistance (Rrec) than the pure iodide-
based reference (Table 6-5). This implies suppressed recombination rates and can justify
the slight increase in the observed Voc values. In contrast, the recombination resistance
of cells employing perovskites with di-substituted halogens regained low values, similar
to those of the pure iodide-based perovskite. This complies with the decrease of Voc for
((CH3)3S)2Snl4Brz, however it cannot justify the Voc increase for ((CHs)3S)2Snl4Clz, which

is rather due to down-shift in the valence band energy level of this particular perovskite.
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Figure 6-10: a) Nyquist plot for ((CHz3)3S)2Snls.nCly and ((CH3)3S)2Snls..Br, compounds on Z 907
sensitizer dye (The equivalent electrical circuit employed to simulate the EIS data is shown in the
inset). B) Nyquist plot for ((CHs)sS)2Snlsbased on Z907, N719, MK2, and D35.

Despite the suppressed recombination kinetics for the monosubstituted halogen perov-
skite in Z907-based solar cells, the charge transfer resistance at the perovskite/platinum
interface (Ret/per) increased in all cases. Thus, a Rpt/per value of 0.65 Ohm cm? was attained
for the pure iodide perovskite and increased to 2.13, 3.44 and 4.14 Ohm cm?2 for mono-
substituted bromide and chloride and disubstituted chloride perovskites, respectively.

This tendency comprises well with decrease of the short-curcuit photocurrent for all cells
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with mixed halides. Moreover, Figure 6-10b presents comparative impedance spectra
for cells with ((CHs)sS)2Snles based on different, Z907, N719, MK2, and D35 dyes. Table
6-5 summarizes the corresponding EIS fitting parameters. The cells based on the organic
dye present higher charger transfer and lower recombination resistance which shows off
the reasons behind their relatively low photovoltaic efficiency. The poor photovoltaic be-
havior of the cells with organic dyes could be attributed to the fact that the TiOz layer
(thickness, structure) was optimized for the organometallic dyes but not for the organic

dyes 124,

Table 6-5: Calculated values for the equivalent circuit parameters (Rs, Rpt/per, Rree, Rpre) Of Various
solar cells.

Rs RPt{per Rrec Rper

liye. -PerauskitoiM) (Ohm)  (Ohmcm?) (Ohm cm?) (Ohm cm?)

MK2  ((CH3)3S)2Snls 24 2.85 411 3.81
D35 ((CH3)3S)2Snls 46 3.52 8.28 2.88
N719  ((CHz)3S)2Snls 30 0.64 2.31 3.18
((CH3)35)2Snls 39 0.65 4.06 3.02
((CH3)3S)2SnIsBr 20 2.13 14.61 2.88
Z907  ((CHs)3S)2SnlsBr> 7 0.77 3.96 2.06
((CH3)3S)2SnIsCl 16 3.44 15.05 2.10
((CH3)3S)2SnlsCly 16 4.14 1.93 2.71
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3D/1D - Dimensionality Engineering of (FA/MA/Cs) PblIz.xBrx
/(CH3)3SPbls perovskite solar cells

Photovoltaics (PVs) constitute a widespread power source with 402GW of globally grid-
connected panels.1?° Lately, the dominant Si-based devices are challenged by emerging
3rd generation PV technologies, focusing on cheap and potentially eco-friendly nano-
materials synthesized with wet-chemistry techniques, where their optical, electrical and
physicochemical properties can be readily tuned. Perovskite solar cells (PSCs) evolved
from the solid-state, dye-sensitized solar cells (DSSCs)2829 by replacing the dye absorber
with an ABX3 type perovskite material where A is an inorganic or/and organic cation (Cs*,
CHsNHs*, (HC (NHz2)2*), B is a metal cation (e.g Pb2*, Sn2+), and X is a halogen anion (CI,
Br, I'). The efficiency of PSCs has increased within only a few years of development and
researchers elaborate intensively on their optimization. In fact, novel synthetic proce-
dures, 173174 solar cell architectures176.196 and interface engineering approaches 145182197
raised the power conversion efficiency (PCE) of PSCs to values as high as 25.2%,9177-181
whilst their incorporation in tandem devices has already outperformed the single junc-

tion Si solar cells.198

However, substantial issues, namely poor stability against environmental factors (oxy-
gen, humidity, UV radiation and heat), hysteresis 199-201 (inconsistency between |-V
curves depending on the scan direction) and the presence of toxic elements remain under
thorough investigation.202 The instability issues are associated among others, with ion
segregation?25.203.204 ynder light exposure along with the highly hygroscopic and disor-
dered methyl ammonium (MA) and formamidinium (FA) organic cations. 55205 [n addi-
tion, the stability of the operating perovskite devices suffers also from the hygroscopic
additives (Li salts) usually added to the hole transporting materials (e.g. Spiro-Me-
0TAD).206 With regard to the hygroscopic and volatile nature of the organic cations hy-
brid perovskites rapidly degrade to hydrated perovskites phases in humid conditions,
207,208 e g the MAPbIz and FAPbIs progressively decompose to the initial Pblz precur-
sor.209.210 Moreover, the cubic black a-phase of FAPbIs readily transforms to the hexago-

nal yellow 6-phase under ambient conditions.

Thus, a significant contribution towards solving the stability challenge embraces the use
of mixed ions perovskites (e.g. MAFAPbIsxBrx). This leads to enhanced photovoltaic per-

formance and stability of the crystal structure in dark and dry conditions; however, the
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materials remain vulnerable under humidity, temperature and illumination stresses.
Thus, the addition of Cs and/or Rb inorganic cations to the mixed perovskite improved
its thermal and phase stability but many studies are still necessary in order to definitively
overcome these problems. 211-213 [n this context, the formation of a
FAo.88Cs0.12Pbls-x(PFe)x interlayer between the perovskite absorber and the HTM has
been recently proposed towards improving the photovoltaic performance and stability of
the devices through an ion exchange reaction with the FAPF¢ solution.?'4 In addition, sul-
phur-based perovskites also showed a great application potential.*2>215 This is the case of
novel perovskites based on the organic trimethylsulfonium [(CH3)3S*] cation, presenting
improved chemical stability in ambient conditions.#2.122.123216217 Moreover, the air stable
((CH3)sS)2Snls ‘defect’ perovskite material has been also employed as HTMs in dye sen-
sitized solar cells. 123218 Herein, we report for the first time, a perovskite tridimen-
sional/monodimensional (3D/1D) bilayer consisting of (FA/MA/Cs) PblzxBrx (3D) and
(CH3)sSPbls (1D) perovskites fabricated by facile wet chemistry processes. In general, 1D
perovskites are primarily considered to be effective active materials for light emission
devices due to their low exciton dissociation efficiency, following their large exciton bind-
ing energies and strong quantum confinement phenomenon. 219 Thus, only a few reports
have been published alluding their incorporation in PV applications.220.221 The 1D perov-
skite phases since isolated by large organic cations in two dimensions can have theoreti-
cally better stability than their 2D and 3D counterparts.22! Moreover, it was recently
demonstrated that individual metal halide octahedra could be more thermodynamically
stable than connected ones.222 There are literature reports exploring the concept of hy-
drophobic species to improve the stability of PSCs. Most of them concern nitrogen deriv-
atives including alkylammonium cations;223 phenylalkylamine;224 or pyrazol-yl pyridine
1D-3D hetero-structure.220 Very recently, a 1D perovskite epilayer proposed by Gao et
al. for PSC leads to devices with improved stability,225 due the thiazole ammonium iodide
used having an aromatic moiety (thiazo ring) and preserving the quaternary ammonium
group. However, sulfonium-based ionic materials have generated substantial interest in
solar cells as potential alternatives for their ammonium counterparts, due to practical
benefits including higher chemical and electrochemical stabilities.226-228 Thus, taking also
into account that sulfur based organo-compounds are more hydrophobic than the nitro-
gen ones, in the present work we focus on a tertiary sulfonium compound. Indeed, the

results obtained in our case, confirmed the beneficial effect of an air stable (CH3)3SPbls
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extra layer toward enhanced stability against humidity and light. As a result, we obtained
PSCs based on a 1D/3D perovskite bilayer which although unencapsulated, retained 58%
of their initial efficiency after one month of storage in ambient, dark conditions. A similar
behavior, superior to the reference devices, was also observed for the modified PSCs after
prolonged light exposure. Finally, the PSCs containing the 1D perovskite were more re-
producible during fabrication, a fact that confirms the beneficial influence of the 1D per-

ovskite in the stability of the perovskite photoactive underlayer.

7.1 Device fabrication

The solar cells were prepared following a well-established procedure in our lab. FTO con-
ductive glass electrodes (7 ohms/sq) were cleaned in ultrasounds (successively with Tri-
ton X100, deionized water, ethanol, isopropanol and acetone for 15 min each step) and
dried using Nz flow. Then the cleaned glasses were treated with UV-ozone for 20 min. On
the FTO electrodes, a blocking TiOz layer was spin-coated (2000 rpm, 60 s) and calcinated
at 450°C for 45 min. A compact TiOz layer was deposited by spin-coating (2000 rpm, 20
s) of a precursor solution of 0.1 g TiO2 18NRT dissolved in 0.8 ml EtOH. The substrates
were immediately dried at 125°C for 5 minutes, and then sintered at 325°C, 375°C, 450°C,
for 5min, 5min and 30min respectively. Then, 0.1 mol/L of Li-TFSI in acetonitrile was
spin-coated (3000 rpm, 10 s) and the samples were immediately sintered at 450°C for 30
minutes. The perovskite film was deposited in an Ar-filled glovebox by spin coating upon
the TiO2 substrates. The perovskite precursor solution was prepared using 1.1 mol/L
Pblz, 0.2 mol/L PbBrz, 1 mol/L FAI and 0.2 mol/L MABr in 850 pul of mixed DMSO: DMF
(1:4, volume ratio) solvent. 50ul of CsI (1.5 mol/L stock solution) was added to the per-
ovskite solution which was spin-coated at 1.000 rpm for 10 s and, continuously at 6.000
rpm for 20 s. In addition, 150 pL of anhydrous chlorobenzene was poured on the film
after 15 s during the second step. The films were post-annealed at 100 °C for 50 min. In
the case of the modified films, 1 mg of ((CHz)3SCl/ 1ml isopropanol was spin-coated at
4.000 rpm for 10 s, followed by post-annealed at 100°C for 10 min. In both cases of refer-
ence (3D) and modified (3D/1D) films, a passivation FABr layer (5mg/1ml isopropanol)
was spin-coated at 5.000 rpm for 10 s, followed by post-annealing at 100°C for 10 min
again. After cooling down to room temperature, Spiro-MeOTAD was spin-coated at 4.000
rpm for 10 s. The 70 mM Spiro-MeOTAD solution was prepared using anhydrous chloro-
benzene. In addition to that, Li-TFSI in acetonitrile, 4-tert-butylpyridine, and FK209 in
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acetonitrile were added at the molar ratio of Spiro-MeOTAD: TBP: Li-TFSI: FK209 of 1:
3.3: 0.5: 0.03. Finally, the devices were completed with thermal evaporating of 100 nm

thick silver (Ag) counter electrodes.

Figure 7-1a depicts the solar cells fabrication procedure of the PSCs. The perovskite PV
devices (Figure 7-1b) consist of multiple layers in the following order: fluorine-doped
transparent oxide conductive glass (FTO)/ compact TiOz (c-TiO2)/ mesoporous TiO2 (m-
TiOz)/ (FA/MA/Cs)Pblz«Brx / (CH3)3sSPbls /Spiro-MeOTAD /Ag, where TiOz and Spiro-

MeOTAD act as the electron and hole selective contacts, respectively.

a)

((CH,);5Cl/
isopropanol

Spiro-MeOTAD

S

D e @
- =

Passivation

Figure 7-1: PSCs fabrication procedure (a) and solar cells architecture (b).

The mixed (FA/MA/Cs) Pblz-xBrx perovskite was used as the absorber and the corre-
sponding interface with HTM was further engineered by applying a stable 1D (CHs)3SPbls
high band gap perovskite layer on top of the absorber. For comparison, reference solar
cells (3D) without the 1D component were also fabricated. Preliminary experiments
showed that the optimum concentration of the solution used for the synthesis of
(CH3)sSPbls is 1 mg-ml-! of (CH3)sSCl in isopropanol. Thus, we used this concentration in

order to fabricate and evaluate the PV devices and the employed materials.

7.2 Device analysis

As previously reported by our group,*? single-crystal X-ray powder diffraction (XRPD)
analysis showed that (CHz)sSPbls has hexagonal symmetry in the space group P6smc (No.
186) with distorted, face-sharing Pbls polyhedra that form 1D chains along the c axis. In
this structural modification, the trimethylsulfonium cations occupy interstitial sites be-
tween the octahedra (Figure 7-2a). Consequently, we performed a structural analysis of
the 3D perovskites coated upon titania substrates with and without the 1D perovskite

layer. Figure 7-2b presents the corresponding XRPD patterns of the reference (3D) and
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engineered (FA/MA/Cs)PblsxBrx/(CHs)3sSPbls3(3D/1D) perovskite bilayer deposited on
m-TiO2. The XRPD analysis confirmed the presence of the main reflections from the 3D-
(FA/MA/Cs)PblsxBrxperovskite (at 20 =13.5, 19.4°), titania (at 20 =26 °) and the FTO (at
20 =24, 27.8°) layers. 229 By using the optimum amount of (CH3z)3SCl, it becomes clear that
the 3D /1D structure offers exceptional stability to the triple cation perovskite film based
on formamidinium (FA), methylammonium (MA), and cesium (Cs) without any degrada-
tion, even when the films were left for a month in ambient and dark conditions (without
encapsulation). In contrast, the 3D films progressively degraded to Pblz under the same
conditions. In order to identify the exact nature of the bilayer, we tried higher concentra-
tions of the modifier (3mg ml-1 of (CH3)sSCl in isopropanol). Thus, the top layer has been
indexed as the 1D (CHs)sSPbls hexagonal perovskite (XRPD pattern in Figure 7-3), while
its crystal structure is presented in Figure 7-2a. In addition, in Figure 7-3, the presence
of the main diffraction peaks from the 3D-(FA/MA/Cs)PblzxBrxunderlayer was also con-
firmed, the shift of reflections for the 1D-(CHs)3SPbls phase compared to the theoretical
histogram 42 is attributed to the slight dislocation of the film from the surface of the XRPD
sample holder. Moreover, the optoelectronic properties of the perovskite bilayer were
studied using UV-Vis spectroscopy. Figure 7-2c¢ shows the absorption and the corre-
sponding steady photoluminescence (PL) spectra of samples with the following struc-
ture: TiOz/(FA/MA/Cs)PblzxBrx/(CHs)3SPbls, denoted as 3D/1D and
TiOz/(FA/MA/Cs)PblsxBrx denoted as 3D. The slight lower absorption of
theTiOz/(FA/MA/Cs)PblsxBry/ (CH3)3SPbls composite (compared to that of
TiOz/(FA/MA/Cs)PblsxBrx) could be attributed to the thickness of the 1D perovskite

formed on the top surface of the absorber.

From the plots presented it is also derived that the absorbance onset of the 3D perovskite
is not affected by the presence of the (CHs)sSPbls. Moreover, a clear photoluminescence
increase was observed in the case of the modified perovskite (Figure 7-2c, right, spectra
taken at room temperature upon excitation at 482nm). The signal PL enhancement is as-
sociated with less radiative recombinations due to the presence of the 1D perovskite,
which probably increases the charge carrier’s separation and facilitates hole injection ef-

ficiency to the cathode.
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Figure 7-2: Crystal structure of the (CH3)3SPbls compound with 1D framework of [Pbls] octahe-
dral (a); XRD patterns of TiOy/(FA/MA/Cs)Pbls.Bry/(CH3)3SPbi3(3D/1D) and
TiO:/(FA/MA/Cs)Pbls.Bry (3D) films, as prepared and after a month in ambient conditions (b);
Absorbance and steady-state PL spectra of TiOz/(FA/MA/Cs)Pbls..Brxsamples with (CHz)sSPbls
on top (3D/1D) and without modification (3D) (c); Diffuse reflectance spectra of
TiO2/(FA/MA/Cs)Pbls.Bry/(CH3)3SPbls (blue line) and TiO:/(FA/MA/Cs)Pbls.Bry (red line)
films, compared to individual (CHs)3SPbls (black line) compound, including the Gaussian decon-
volution of the corresponding peaks (dot lines) (d).

Apart from that, the PL spectrum of the 3D/1D sample presents a 9 nm blue shift of the
peak and a narrowing of the full width at half-maximum (FWHM) from 52 to 47 nm. The
blue shift is associated with decrease in the trap density of the (MA/FA/Cs)PblsxBrx film,
especially in the surface grain boundaries where traps are located, a fact accompanying
the presence of the 1D perovskite.28%231 QOn the other side, the narrowing of the FWHM
confirms the ability of the (CHs)3SPbls top layer to reduce non-radiative recombination

in the system,?32 while it also indicates a declining interaction between charge carriers
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and lattice vibrations (phonons) due to improved film homogeneity and lattice or-

der.233.234 These results were also confirmed by performing the steady-state PL experi-

ments under two additional laser excitations lines (440 and 650 nm)-Figure 7-4.

The steady-state PL data are supported by transient PL experiments. In fact, time-

correlated single photon counting (TCSPC) fluorescence spectra were acquired in order

to further elucidate the hole-pair recombination processes within the photoexcited

perovskite layers. The samples were excited with a 482nm NanoLED and the fluorescence

intensity was probed at 750nm, which corresponds to the band-to-band radiative

recombination.
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Figure 7-3: XRPD of TiO;/(FA/MA/Cs) Pbls.Bry/(CH3)3SPbls (3D/1D) and TiO2/(FA/MA/Cs)
Pbls..Bry films (3D). The 1D layer consists of 3mg (CH3)sSCl/ml isopropanol)
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Figure 7-4: Steady-state PL spectra taken using additional laser excitation beams at 440 (a) and

650 nm (b), respectively.
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As show in Figure 7-5, the 3D/1D samples display a slower decay than the control 3D

indicating that slower recombination dynamics taking place.
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Figure 7-5: Time-correlated single photon counting (TCSPC) fluorescence spectra at room tem-
perature upon excitation at 482nm. Dots indicate the fluorescence lifetime decay curves and solid
lines the corresponding fittings: 3D sample (blue dots, blue solid line) and 3D/1D sample (red

dots, red solid line). The fluorescence intensity was probed at 750nm.

Actually, the decay curve of the (MA/FA/Cs)PblsxBrx perovskite was best fitted by three
decay components, namely a short-time decay component of 544ps with a relative
population of 10.45%, a medium-time decay component of 5.32 ns (46.02%) and a long-
time component of 24ns (43.52%). We assume that the long-lived component arises from
the band-to-band recombination while the two other from trap states (i.e. structural and
chemical defects) enabling the faster deactivation of the excited states. Concering the
decay curve of 3D/1D it was best fitted with three decay components. In this case a
dominant long-lived population was observed. More specific the long-lived component
has a lifetime of 54ns (78%) accompanied by two faster populations of 1.2ns (6.88%) and
700ps (15.09%). The increased fluorescence lifetime recorded for 3D/1D represents the
suppression of trape state-induced recombination towards a more pronounced trap
state-free behavior.235In addition, diffuse reflectance spectra were recorded and trans-

formed in Kubelka-Munk units (Figure 7-2d). By extrapolating the reflectance curves,
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the band gap energies have been estimated at 1.63 eV for both bilayer and reference films,
indicating that the optical bandgap of the 3D perovskite is not altered by the presence of
(CH3)sSPbls. Furthermore, the normalized Gaussian fitting (dot lines) has been calculated
for the reflectance spectra of bilayer, reference and (CHs)3SPbls compound. It is clear that
the extra peaks of the bilayer at around 3.0 and 3.5 eV are due to the formation of the
(CHs)sSPbls layer on top of the triple cation perovskite absorber.

In order to focus on the effect of the (CHs)3SPbls on the active layer morphology, scanning

electron microscopy (SEM) was used to characterize the perovskite films with and with-

out treatment. Figure 7-6 clearly indicates that in the case of modified films, the 3D
MAFAPDbI3-xBrx

Figure 7-6: SEM images of the 3D/1D bilayer (a,b) and the 3D perovskite (c,d) films on
FTO/TiO» substrates (different magnification scales).

layer has been covered by the 1D (CH3z)sSPbls perovskite and that the latter is mainly

deposited at the valleys of grain boundaries, thus producing an additional local protective
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layer which further improves homogeneity (Figure 7-7), makes the surface smoother by
decreasing height differences and subsequently creates a more stable perovskite mor-
phology. The addition of the 1D capping layer is not expected to affect the grain size of
the 3D absorber. However, it is clear that additional features of lower size appear, espe-
cially near the grain boundaries. The surface topology of the samples was examined via
atomic force microscopy (AFM) analysis (Figure 7-8), which confirmed a significant de-
crease in the surface roughness of the 3D perovskite layer (RMS = 21.24 nm) compared

to the 3D/1D bilayer (RMS = 14.70nm).
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Figure 7-7: Grain size distribution of TiO:/(FA/MA/Cs)Pbls.Br./(CHs)sSPbls (3D/1D) and
TiOz/(FA/MA/Cs)Pbls.Bryfilms (3D).
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Figure 7-8: AFM top surface topography of the 3D/1D bilayer (left) and the 3D perovskite layer
(right).
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Moreover, Figure 7-9 shows top surface topography with depth histograms and colored
scales for both 3D/1D bilayer and 3D perovskite films, which indicate a narrower distri-
bution with a significant decrease of the maximum height of surface features for the mod-
ified bilayer (30-150nm with max:73.5 nm for 3D control film to 30-120nm with max:
63.3nm for 3D/1D bilayer).
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Figure 7-9: AFM top surface topography with depth histogram of the 3D/1D bilayer (top-left)
and the 3D perovskite layer (top-right); AFM Surface topography colored scale for both 3D/1D
bilayer (down-left) and the 3D perovskite layer (down-right).

The hydrophobic (CH3)3SPbls interlayer is expected to offer additional protection against
humidity for the 3D perovskite absorber during the device operation, where very hygro-
scopic Li-salts are added as Spiro-MeOTAD dopants to enhance its electric conductivity.
It is worth mentioning that a similar phenomenon has been observed on perovskite sur-
faces passivated using phenethyl ammonium iodide.236 In order to further examine the
effect of the 1D (CH3)3SPbls perovskite in the wettability of the 3D perovskite film, we

performed contact angle measurements with water droplets (Figure 7-10).
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Figure 7-10: Contact angle measurements of 3D /1D modified film upon meso-TiO; surfaces and
the 3D film without modification.

The contact angle 6 of the 3D/1D bilayer (mean value 8=70.9°) indicated enhanced hy-
drophobicity for the absorber layer compared to the 3D reference film (mean value
0=59.9°). The lower surface wetting of the 3D/1D layer is associated with possible im-
proved self-shield stability for the corresponding PV device. Moreover, based on the con-
tact angle measurements the surface free energy values were calculated using Neumann'’s

equation (Eq. 7.1):

cos(0) =-1 + 2(ys/y)*® - exp(-B(yr-ys)*  (Eq.7.1)

(Surface tension of water yv = 72.0 mJ/m? and the Neumann'’s constant § = 0.000115
m2/m]).237 The obtained results refer to surface free energy of 40.09 mJ/m?2 for the 3D/1D

perovskite film, a value lower than the one got for the 3D perovskite film (46.91 m]/m2).

Figure 7-11 shows the ultraviolet photoelectron spectroscopy (UPS) measurements per-
formed over samples with the following structures: FTO/TiO2/(FA/MA/Cs)PblxBrszx (3D)
and FTO/TiOz2/(FA/MA/Cs)PblxBrsx /MesSPblz (3D/1D). Figure 7-11a shows the High
Binding Energy cutoff region where the work function can be calculated from the equa-
tion We = hv-Ecutoft. Ecutoff is the secondary electron cutoff value and hv is the photon en-

ergy of the Hel irradiation (21.22eV).
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Figure 7-11: Ultraviolet photoemission spectra (UPS): (a) Secondary electron cutoff (left), va-
lence band region (center) and close-up of valence band region (right) of ITO / TiO2/ (FA/MA/Cs)
PbIxBrs.« / MesSPblsz (1) and ITO /TiOz / (FA/MA/Cs) PbIxBrs (2). The work function and VBM
were determined with a linear extrapolation of the secondary electron cutoff and the leading edge
of the valence band, respectively; (b) Energy levels diagram of the corresponding 3D/1D and 3D
samples.

The valence band maximum (VBM) cut off values (the distance between Ev and Er; Figure
7-11b) can be determined by linear extrapolation of the leading edge to the baseline. The
Ionization potential (IP) (energy difference between VBM cut off and Vacuum level) de-
rives by the sum of Wr and VBM cut off. As seen from the UPS data (Figure 7-11, Figure
7-12 and Table 7-1), the VBM of the 1D/3D perovskite heterostructure upshifts by
0.02eV as compared to the 3D one. This shift, along with the increase of the work function
by 0.11 eV recommends an upward band bending of the energy levels. Moreover, the blue
shift as derives from the PL measurement indicates a bandgap widening of the 3D perov-
skite due to the 1D perovskite modification, which in comparison with the upward band
bending are expected to affect energy band alignment of the PSCs and consequently the
value of Voc. The photovoltaic performance of the modified perovskites incorporated in

PSCs was evaluated under 1 sun illumination conditions (A.M. 1.5G).
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Figure 7-12: Ultraviolet photoemission spectra (UPS): Secondary electron cutoff (left), valence
band region (centre) and close-up of valence band region (right) of ITO/TiO: (0),
ITO/TiO2/(MA/FA/Cs)Pbl:Brs:/MesSPbls/Spiro-MeOTAD (1) and
ITO/TiO2/(MA/FA/Cs)PbliBrs./Spiro-MeOTAD (2). The work function and VBM were deter-
mined with a linear extrapolation of the secondary electron cutoff and the leading edge of the
valence band, respectively.

Table 7-1: Work function, valence band maximum and ionization potential values resulting from
UPS data.

Ionization
10.
Sample L i}o D :f]fgx-{():ult) Potential or HOMO
. (£0.1) eV
ITO/TiO2 3.76 3.2 6.96
ITO/TiO2/(MA/FA/Cs)PblxBrsx 4.22 1.28 5.5
ITO/TiO2/ (MA/FA/Cs)PblxBrsx 4 1 c
/Spiro-MeOTAD
ITO/TiOz2/ (MA/FA/Cs)PblxBrsx
4.33 1.26 5.59
/MesSPbls
ITO/TiOz2/ (MA/FA/Cs)PblxBrsx 4 1 5

/MesSPbls/Spiro-MeOTAD
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Figure 7-13: ]-V curves (forward and reverse scans) of the best performing cells based on the
3D/1D bilayer as prepared (1) and after (2) one month under storage in dark and ambient con-
ditions (a); The IPCE spectra and integration currents of the PSCs (b); The corresponding Nyquist
plots with the equivalent electrical circuits (inset) after simulation of the EIS data (c); and the
steady-state current density and power conversion efficiency outputs under 1 sun illumination
for the 3D /1D solar cell (d).

Figure 7-13a show the ]J-V characteristics of the best performing modified cells, while
the determined parameters (Jsc, Voc, FF and PCE) are summarized in Table 7-2. The cor-
responding data for solar cells based on the (FA/MA/Cs)PblzxBrx perovskite are also pre-
sented in Figure 7-14, and the parameters are given in Table 7-2. The short circuit pho-
tocurrent density (Jsc) of the solar cells based on the (FA/MA/Cs)PblsxBrx/(CHs)3SPblz
bilayer got an average (between reverse and forward scans) value of 22.52 mA-cm2, very
close to that of the reference ones, based on the (FA/MA/Cs)PblsxBrxperovskite (23.09
mA-cm2). Moreover, similar open-circuit voltage (Voc) values were observed for both bi-
layer and reference solar cells (about 1.10 V), a fact that can be attributed to the key role
ofthe 3D (FA/MA/Cs)PblsxBrxabsorber. Finally, this is also the case of the fill factor (FF),
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where the difference is due to a slight decrease during the forward scan. Thus, power
conversion efficiencies (PCE) of 15.65% and 16.97% (average values) were determined
for the bilayer and reference solar cells, respectively. The small difference is in good
agreement with the observed absorbance decrease in the case of the composite bilayer.
However, it is important to notice that for modified cells we also obtained much better
performances, with cells reaching PCE values as high as 19% (data not shown) however,

these cells were not characterized by relatively poor stability.
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Figure 7-14: ]J-V curves (forward and reverse scans) of the best performing solar cells based on
the 3D perovskite, as prepared (1) and after one month (2) under storage in dark and ambient

conditions.

Figure 7-13a confirms that the best performing PSCs retain good performance upon 1D
modification of the perovskite absorber. It is well established that perovskite solar cells
(especially using a spin coated TiOz compact layer in planar architectures) usually suffer
from hysteresis effect, due to various reasons such as charge carrier traps resulting from
a large defect density within or near the surface of the material; dipole ordering resulting
from ferroelectric properties and polarization of the material; ion migration due to excess

ions that serve as interstitial defects; imbalanced charge injection capacitive.238-240
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Table 7-2: Photovoltaic parameters for stable solar cells (fresh and after storage in ambient and
dark conditions for 1 month) based on the (FA/MA/Cs) Pbls..Br./(CHs3)3SPbls 3D/1D bilayer and
(FA/MA/Cs) Pbl3-xBrx 3D perovskite. Voc: open-circuit voltage; Jsc: short-circuit current den-
sity; FF: fill factor; PCE: power conversion efficiency; SPCE: Stabilized PCE; HI: Hysteric Index; HF:
Hysteresis factor.

Cells Time Scan Di- Jsc A\ FF PCE SPCE HI HF
rection macm (V) % )
2

Reverse 23.09 1.10 0.66 16.67

(Fresh For-
21.94 10 [ 0.60 14.63 1595 0.09 0.122

cells) ward

Average 22.52 110 0.63 15.65

3D/1D
Reverse 15.55 1.07 0.57 9.58
After 1 For-
(ADer 1530 1.09 057 941 945 005 0.018
month) ward
Average 1543 1.08 0.57 9.50
Reverse 23.52 1.13 0.67 17.97
(Fresh For-
22.65 1.09 0.65 1597 17.85 0.07 0.111
cells) ward
Average 23.09 1.12 0.66 16.97
3D

Reverse 13.70 0.99 0.39 5.32

(After 1 For-
10.20 1.07 043 471 512 0.27 0.115

month)  ward

Average 1195 1.03 041 5.02

Our devices also present hysteresis, however, the phenomenon is less pronounced for the
mesoporous PSCs based on the 3D/1D bilayer (Figure 7-13a and Figure 7-14). Indeed,
hysteric indexes (HI) were calculated for the |-V curves using the following equation (Eq.
7-2):

H] = IRWoc/2) JFWoc/2) (Eq. 7.2)

JRWoc/2)
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where J(y,./2) is the photocurrent at V,./2 bias for the reverse scan, while Jzy, _/») is
the corresponding photocurrent for forward scan.241242 The obtained data, also reported
in Table 7-2 did not reveal any change in hysteresis (hysteric index of 0.09 in the case of
the cells based on the bilayer against 0.07 for reference cells). After a month however,
while the modified cells remain unaffected (HI = 0.05), the reference cells show a signifi-
cant deterioration (increase of HI at 0.27), thus confirming the beneficial role of the 1D
additive on top of the 3D perovskite for impeding charge migration and stabilizing the
interface between the absorber and the hole transporting material. Moreover, the I-V hys-

teresis factor (HF) 243.244 defined as (Eq. 7.3):
HF = (PCEReverse = PCEForward) / PCEReverse] (Eq 73]

was also calculated and the obtained values (incorporated in Table 7-2) confirmed that
the modified cells outperform the reference ones, in excellent agreement with the results

based on the hysteric index (HI).

The performance of the devices was further examined with incident photon-to-current
efficiency (IPCE) measurements performed in PSCs with and without the 1D perovskite
layer. As shown in Figure 7-13b the difference in the Jsc values obtained with the J-V
measurements is reflected also in the IPCE measurements and the corresponding inte-
grated photocurrents of (21.86, and 21.68 mA cm2) for 3D and 3D/1D bilayer, respec-
tively. The beneficial effect of the (CH3)3SPbls interface layer on the charge carrier trans-
fer and recombination procedures was further investigated by electrochemical imped-
ance spectroscopy (EIS) measurements, carried out at Voc reverse bias, under 1 sun illu-
mination. Figure 7-13c illustrates the Nyquist plots and the equivalent circuits (as an
inset) of the perovskite solar cells. As reported elsewhere,245246 the appearance of two
arcs is attributed to charge transfer (the low frequency semicircle) and charge recombi-
nation (the high frequency semicircle) phenomena. The collected data [ohmic series re-
sistance (Rs), charge transfer resistance (Rcn) and recombination resistance (Rrec)] are

summarized in Table 7-3.

Since the devices except for the presence of the 1D component are identical, any differ-
entiation in the resistance parameters may be attributed to the presence of (CHs)3SPbls
in the perovskite/HTL interface. The recombination resistance (Rrec) for the PSCs with

the 3D /1D structure is significantly higher than that of the 3D reference solar cells, which
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confirms that the additional (CHs)sSPbls interface layer prevents the excited electrons of

MAFAPDbI3xBrx from recombination with the HTM.

Table 7-3: Ohmic resistance values obtained from EIS analysis for PSCs based on the 3D/1D bi-
layer, in comparison to devices employing only the 3D perovskite absorber

Solar Cell Rs (ohm) Ret (ohm) Rrec (0ohm)
3D/1D 231 72.8 223.6
3D 14.1 61.7 204.7

In parallel, the Ret and Rs (equal to the value of high-frequency intercept on the real axis)
resistances in the modified device are slightly higher, a fact well attributed to the pres-
ence of the (CH3)sSPbls extra layer. In addition, the stabilized output photocurrent den-
sity corresponding to the maximum power point (MPP) of the J-V plots and the resulting
power conversion efficiency were also determined. The results reported in Figure 7-13d
confirm exceptional working strength under maximum electrical output for PSCs based
on the 3D/1D perovskite bilayer, as both parameters remain practically unchanged under

1sun continuous illumination for a period of 180 s.

In order to check the experimental accuracy, the statistical data for batches of 15 individ-
ual devices with and without the 1D superlayer are presented in Figure 7-15, The 3D/1D
bilayer approach also results to PSCs with enhanced stability. Thus, non-encapsulated so-
lar cells were stored under ambient conditions for one month in the dark and their pho-
tovoltaic performance was again evaluated. The analysis of the PV parameters in Figure
7-13a and Figure 7-14 confirms that the 3D /1D devices retained more than 60% of their
initial PCE after 720 h, considerably outperforming the reference cells (based only on the
3D perovskite) which kept only 30% of their initial PCE. This superiority is mainly ex-

pressed in terms of higher values for both Jsc and FF.

Table 7-4. The obtained results demonstrate that PSCs based on the modified 3D/1D bi-
layer clearly outperform the reference ones, showing a rather ordinary behavior without
high variation in cell parameters and significantly higher performance, expressed in

terms of higher mean values and lower dispersion of the cell parameters.

In fact, the average Jsc of the 1D modified solar cells (0.96) is higher than that of the ref-
erence devices, while the average Voc and FF values are similar for both types of cells
(mean values). And more important, the normalized average power conversion efficiency
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(PCE) value (0.97) for PSCs using 3D/1D bilayer outperforms that for devices using only
the 3D perovskite (0.87). The above superiority is also reflected in the corresponding

standard deviation values (0.03 against 0.07).
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Figure 7-15: Statistical analysis of the photovoltaic parameters concerning two batches of 15
cells based on 3D /1D bilayer and 3D perovskite of PCE (a); Jsc (b); Vo (c); FF (d).

The 3D/1D bilayer approach also results to PSCs with enhanced stability. Thus, non-en-
capsulated solar cells were stored under ambient conditions for one month in the dark
and their photovoltaic performance was again evaluated. The analysis of the PV parame-
ters in Figure 7-13a and Figure 7-14 confirms that the 3D/1D devices retained more
than 60% of their initial PCE after 720 h, considerably outperforming the reference cells
(based only on the 3D perovskite) which kept only 30% of their initial PCE. This superi-

ority is mainly expressed in terms of higher values for both Jsc and FF.
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Table 7-4: Photovoltaic parameters with respect to the best performing cells for modified
(3D/1D bilayers) and 3D PSCs. SD: Standard deviation, SE: Standard error, V.: open-circuit volt-
age, Jsc: short-circuit current density, FF: fill factor, PCE: power conversion efficiency. Normalized
values are also given in parentheses.

Isc Voc PCE
FF
(mA cm2) V) (%)
Average  22.27 (0.96) 1.11(0.98) 0.68(0.96) 16.14(0.97)
3D/1D SD 0.52(0.02) 0.01(0.01) 0.02(0.01) 0.49 (0.03)
0.003 0.003
SE 0.13 (0.01) (0.01) (0.01) 0.13 (0.01)
Average  23.48(0.95) 1.11(0.98) 0.66(0.96) 16.85 (0.87)
- SD 0.56 (0.02) 0.01(0.01) 0.02(0.03) 1.35(0.07)
0.003 0.006
SE 0.14 (0.01) (0.01) (0.01) 0.35 (0.02)

The advantage in stability reflects higher solar cell quality that is also corroborated by an
unexpected exceptional improvement in hysteresis effect. In fact, hysteresis index (HI)
values as low as 0.004 (Table 7-2) were determined for devices based on the 3D/1D bi-
layer after one month, whereas on the contrary for the same period, the corresponding

values for reference cells increased by a factor of three.

Moreover, in order to get a more precise estimation on the long-term stability, the five
best operating devices were selected from each batch and the mean value of photovoltaic
parameters (Jsc, Voc, FF and PCE) for both reference and modified cells was determined.
The results (normalized data with respect to initial mean values) reported on Figure
7-16 as a function of the storage time indicates a relatively good long-term stability for
PSCs using the (CHs)sSPbls interface layer. In fact, even after 450 h, the mean Voc value
remains constantly unchanged while there is a small decrease in Jsc(16%) and FF(9%)

values. These correspond to a total decline of 24% in the PCE mean value.

On the contrary for reference devices, more significant losses were observed in average
values of Jsc(32%), Voc(7%) and FF(27%) parameters, which lead to a marked decrease
of 53% in PCE in the same aging period. Such a significant stability improvement for the
3D/1D bilayer-based devices can be attributed to the presence of the chemically stable
high band-gap (CH3)3SPbls layer which can improve the quality of the absorber and pro-
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tect both the absorber and the entire solar cell from humidity, without excluding benefi-
cial effects from possible function as ionic migration barrier between MAFAPbIsxBrxand

Spiro-MeOTAD.214:247

Since perovskite materials are highly sensitive to light stress and temperature, we exam-
ined the impact of the absorber modification on the device performance under continu-
ous illumination. Figure 7-17 illustrates the J-V curves obtained on representative PSCs
selected from the previous two batches stock of 15 cells, which were stressed for a period

of 4 hours, under continuous illumination of 765 W-m-2 incident irradiance.
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Figure 7-16: Evolution of the normalized photovoltaic parameters: PCE (a); Jsc (b); Vo (c); FF (d),
over time for PSCs with the 3D /1D bilayer and 3D absorber.

The recorded values of the PV parameters extracted from the analysis of the |-V curves
are reported on Table 7-5 while their relative decline (expressed as the percentage of
their initial value) are presented in Table 7-6. Thus, high stability was observed for PSCs

based on the 3D/1D bilayer. In fact, although they present a decline in power conversion
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efficiency, they achieve to preserve at least 72% of their initial performance, following a

light stress of 4 hrs.
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Figure 7-17: ]-V curves (reverse scans) before (1) and after (2) light-stress, for PSCs based on
3D/1D bilayer (a) and 3D perovskite (b), respectively.

In contrast, under exactly the same conditions, the reference cells (based on 3D perov-

skite) show a significant degradation, losing more than 83% of their initial PCE.

Table 7-5: Photovoltaic parameters of reference (3D) and modified solar cells (3D/1D) after 4 h
of light stress. V,.: open-circuit voltage, J«: short-circuit current density, FF: fill factor, PCE: power
conversion efficiency

s Voc PCE
Cells J= FF
(mA cm?) o (%)
Fresh cells 20.74 1.08 0.64 14.33
3D/1D
After 4h 17.84 0.78 0.53 7.38
Fresh cells 22.54 1.108 0.61 15.34
3D
After 4h 13.22 0.6 0.27 25

Table 7-6: Decline of photovoltaic parameters (expressed as percentage of the initial value) for
PSCs after 4 h of light stress

PSCs Jsc (%) Voc (%) FF (%) PCE (%)
3D/1D 13.90 13.98 48.50 27.54
3D 41.35 45.85 55.74 83.70
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Recent literature reports have shown that light soaking of hybrid perovskite cells induced
much more significant degradation (>80%) in the photovoltaic performances than their
exposure to heat in the dark. The observed degradation was attributed to damages of
chemical composition and/or structural modification (phase transition).248 Moreover, it
is well established that ion migration and ionic defects lead to device degradation that
can be avoided by adding an extra layer between perovskite and HTL. In this context, the
formation of a higher bandgap chemically stable 1D (CHs)3SPbls interlayer between the
absorber and the HTL can work as a barrier against ionic migration/charge carrier re-
combination, leading to improved photovoltaic stability.225249-252 [t must be mentioned
that improved thermal stability (although in dry conditions) has also been observed in
the literature by adding small quantities of inorganic cations (like Cs or Rb) to mixed cat-

ion MAFAPDbI3.xBrx perovskite, attributed to their non-hygroscopic nature.
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Interface Engineering via a Functional D-nt-A Organic

Layer at the Absorber/Hole Transporter

Perovskites are in the forefront of the research towards the introduction of novel, solu-
tion-processed materials in photovoltaic (PV) applications. Within only a few
years2845253 golar cells based on perovskite absorbers presented a rapid development,
reaching a 25.2% power conversion efficiency (PCE)?and creating great expectations for
a cheap and versatile energy source, a good alternative to the silicon-based PV technol-
ogy. Despite high efficiencies, stability challenge remains unsettled?54 thus various strat-
egies have been proposed to enhance the performance of perovskite solar cells (PSCs),
including dimensionality optimization,232255 interface engineering 145256-260 gnd utiliza-
tion of fully inorganic perovskite absorbers.261 Moreover, a comprehensive understand-
ing of the physicochemical procedures occurring during perovskite formation and PSCs
operation is still lagging. Poor stability of the absorber is an additional issue, often related
to the existence of ionic defects,262.263 sych as undercoordinated lead cations,2¢4which are
present at the grain boundaries,?6® of the perovskite film surface and can act as charge
recombination and moisture/oxygen penetration sites. This happens because most of the
solution-processed devices are fabricated using polycrystalline perovskite thin films
treated at low-temperature conditions. This creates dense defect traps (1016 cm=3) at
the grain boundaries and the film surface of polycrystalline perovskites, several orders of
magnitude higher than single crystals.266 Therefore, fine-tuning and full control of the
crystal growth procedure are necessary, especially for large-scale implementation of
highly efficient and robust devices.

In this context, organic molecules with carbonyl or other active groups have drawn the
attention for the effective modification of the perovskite absorbers due to their facile pro-
cessability and appropriate electronic properties. Feng et al.267proposed the utilization of
an Eu-porphyrin complex creating 2D perovskite platelets within the grain boundaries,
while Zhao et al.268 incorporated a near IR organic molecule to modulate the photo re-

sponse of the device. Additional approaches include the insertion of organic molecules
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with rich carboxyl groups towards efficient passivation,269.270 or the use of different func-
tional compounds offering multi-passivation effect,27! while other efforts focused on the
synergistic effect of metallated porphyrins?72and pthalocyanins, 273274 in the operation of

PSCs.

Herein, I introduce a Donor-m-Acceptor (D-m-A)45 organic compound as an efficient in-
terlayer that successfully passivates the surface trap states of a triple-cation perovskite
layer while simultaneously acts as an effective charge carrier transporting interlayer be-
tween the perovskite absorber and 2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-
9,9'-spirobifluorene (Spiro-MeOTAD), HTM. In general, donor-m-acceptor compounds
dispose intramolecular charge transfer (ICT) properties. Moreover, the passivation effect
is supposed to increase with the polarity of the D-m-A molecule. So, a strong electron-
donating unit on the donor part would increase the electron density on the acceptor
group and make it much more electron-rich.275 Such dipolar electron density distribution
delivers improved conditions for coordination with the under-coordinated Pb2+ defects.
This is the case of D35 D-m-A compound, bearing a strong electron donating amino center
and a cyano group with extremely high electron attracting ability. Thus, a small amount
of (E)-3-(5-(4-(bis(2',4'-dibutoxy-[1,1"-biphenyl]-4-yl)amino)phenyl)thiophen-2-yl)-2
cyanoacrylic acid (D35), a triphenylamine (TPA)-based D-n-A molecule, was dissolved in
chlorobenzene in different concentrations and was spin coated upon (FA/MA/Cs) Pbls-
xBrx films. The donor, m-spacer, and acceptor parts are triphenylamine, thiophene, and
cyanoacrylic acid, respectively. The multi-cation perovskite polycrystal ((FA/MA/Cs)
Pblz-xBrx) layers below the D35 interlayer showed high crystallinity and upgraded light
absorbance while the corresponding perovskite/hole transporter interface was smooth-
ened. In addition, the energy bands of the employed materials were aligned appropriately
towards the facilitation of charge carrier’s extraction and transfer. Moreover, the films
containing the organic chromophore showed reduced trap density due to the coordina-
tion of Pb2+ with the carboxylic group of D35. As a result, we obtained devices with im-
proved power conversion efficiency by 22%, in comparison to the reference ones. In ad-
dition, the modified devices presented superior stability, preserving 83% of their initial
PCE after 37 days of storage in dark and ambient (RH=25%) conditions, owing to the hy-
drophobic nature of D35.
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8.1 Device fabrication

FTO conductive glass electrodes (7 ohms-sq!) were cleaned in ultrasounds (successively
with Hellmanex 2% (v/v) in deionized water, ethanol, isopropanol and acetone for 15
min each step). Finally, the conductive substrates were rinsed with isopropanol and dried
using N2 flow. Then the cleaned glasses were treated with UV-ozone for 15 min. Immedi-
ately after cleaning, the TiO2 compact layer (c-TiOz) was deposited by using spray pyrol-
ysis of titanium diisopropoxide bis(acetylacetonate) diluted in ethanol on substrates, fol-
lowed by 1h annealing at 450°C. Afterward, a mesoporous layer of TiO2 (m-TiOz) 30 N-
RD (150 mg/mL) was spin-coated at 4000 rpm for 20 s, followed by immediate dry at
125°C for 5 minutes, and sintering at 325°C, 375°C, 450°C, for 5min, 5min and 30min
respectively. The perovskite film was deposited in an Ar-filled glovebox by spin coating
upon the TiO2 substrates. The perovskite precursor solution was prepared using 1.1
mol/L Pblz, 0.2 mol/L PbBrz, 1 mol/L FAI and 0.2 mol/L MABr in an 850 pl aliquot of
mixed DMSO: DMF (1:4, volume ratio) solvent. 50pl of CslI (1.5 mol/L stock solution) was
added to the perovskite solution which was spin-coated at 1000 rpm for 10 s and, contin-
uously at 6000 rpm for 20 s. In addition, 150 pL of anhydrous chlorobenzene (for refer-
ence PSC) was poured on the perovskite film 7 s prior to the end of process (anti-solvent
treatment). When D35 was used during anti-solvent treatment, it was poured dissolved
in anhydrous chlorobenzene (10> mol/L). When D35 was used as an extra interlayer
upon perovskite, 150 uL of D35 diluted in anhydrous chlorobenzene (10-3,104,10-5,10¢
mol/L) was poured on the film with the same strategy as for the reference films, followed
by post-annealing at 100°C for 45 min. After cooling down to room temperature, Spiro-
MeOTAD was spin-coated at 4000 rpm for 20 s. The 70 mmol/L Spiro-MeOTAD solution
was prepared using anhydrous chlorobenzene. In addition, Li-TFSI in acetonitrile, 4-tert-
butylpyridine, and FK209 in acetonitrile were added at a molar ratio of Spiro-Me-
OTAD:TBP:Li-TFSI:FK209=1:3.3: 0.5:0.03. Finally, the devices were completed with ther-

mal evaporation of 60 nm of Au as counter electrodes.

8.2 Device analysis

At first, various preliminary experiments were performed in perovskite PV devices, using
the dye molecule both as an additive during perovskite film's anti-solvent treatment,276
and as an individual interlayer on top of the perovskite absorber. The results in the form

of power conversion efficiencies are presented in Table 8-1. The D-m-A compound (D35)
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was dissolved in chlorobenzene, while different concentrations were tested before
choosing the optimum one, which is 10-°M. Experiments were also performed using
formamidiniumm bromide as an extra passivation layer.2’7 As deriving, the presence of
D35 is beneficial in every case, though the most promising results were obtained when
using it as a functional layer on top of the perovskite absorber, without any further mod-
ification and with pure chlorobenzene as the anti-solvent material. Details on the exact
device fabrication procedure are given in the experimental section. To optimize the dep-
osition conditions of the D35 layer, additional experiments were performed by varying
the concentration (six different values between 10-°M and 10-3M) of D35 in chloroben-
zene. The results presented in the revised Figure 8-1, confirm the successful optimiza-
tion and directly indicate the impact of the functional D-m-A organic layer on the device
performance. Therefore, we obtained the highest efficiency using a D35 solution of 10-°

M.

Table 8-1:Power conversion efficiencies from preliminary tests conducted with D35 introduced
into PSCs as an interlayer and during anti-solvent treatment.

c PCE
Cell structure Anti-solvent
(mol/L) (%)
FTO/TiO2/Perovskite /Spiro-MeOTAD/Ag Chlorobenzene 15.23
10+ 16.08
D35 in Chloroben-
FTO/TiO:/Perovskite /Spiro-MeOTAD/Ag 10-5 16.56
zene
106 15.02
FTO/TiO2/Perovskite/D35 /Spiro-MeOTAD/Ag Chlorobenzene 10-5 18.57
FTO/TiO;/Perovskite /FABr/Spiro-MeOTAD /Ag Chlorobenzene 14.29
D35 in Chloroben-
FTO/TiO2/Perovskite/FABr/Spiro-MeOTADAg 105 16.22
zene
FTO/TiO»/Perovskite/D35 /FABr/Spiro-Me-
Chlorobenzene 105 17.17
OTAD/Ag

* C (concentration)
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Figure 8-1: Normalized PCEs of cells, as a function of the D35 concentration (a); Picture of vials
with D35 solutions (10-6M to10-3M) in chlorobenzene (b).

In that case, the roughness analysis gives an estimation of the corresponding thickness of
about 5 nm. Figure 8-2a presents the absorption spectrum of D35 dissolved in chloro-
benzene. D35 shows a broad absorption peak at 445nm,278 attributed to the HOMO to
LUMO transition, while the 323 nm peak corresponds to a HOMO-1 to LUMO transition.2”?
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Figure 8-2: a) Absorption spectrum of D35 dissolved in chlorobenzene (10-°M); its molecular
structure depicting hydrophobic butoxy chains and cyanocrylic acid functional group (inset). b)
HOMO to LUMO transition shift of D35 solutions with and without Pbl; (molar ratio 1:1, in chlo-
robenzene)

Moreover, the absorbance of a D35 solution was measured with and without Pblz. The
UV-vis spectrum of the D35-Pblz complex (Figure 8-2b) presents a clear red shift (from
420nm to 450nm) of the main absorption peak which clearly reveals an interaction be-
tween the dye and lead cations. In conclusion, such an effect refers,264 to the strong coor-

dinated reaction of D35 with Pb2+ that affects the C=0 bond of cyanoacrylic acid, partially
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breaks the m-conjugated system and disturbs the intramolecular charge transfer absorp-

tion band of the D-m-A molecule.280

Itis reported,264 that the carboxylate group in a D--A molecular structure (Figure 8-3a)
demonstrates high electron density, which favors interaction with the under-coordinated
Pb2+ cations. To visualize the electron density distribution, electrostatic potential (ESP)
analysis was performed, calculated from the density functional theory (DFT) method. As
shown in Figure 8-3b, the electron scarce area mainly distributes around the electron-

donor part, associated with the butyl chains of the triphenylamines.
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Figure 8-3: Chemical structure of D35 (a); Calculated ESP profiles of D35 (b); Schematic illustra-
tion of the passivation process of D35 molecules for the under-coordinated Pb2+* cations (c); Fou-

rier-transform infrared spectroscopy (FTIR) measurements in D35 with and without Pbl; (d).

On the other hand, the electron-rich cyanoacrylic acid group presents a high electron den-
sity which favors the coordination with the under-coordinated Pb2+ cations, as depicted
in Figure 8-3c. In order to clarify the interaction of the organic molecule with the Pb2+

cations, Fourier-transform infrared spectroscopy (FTIR) measurements were performed
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in D35 with and without Pblz. Figure 8-3d, shows a strong quenching of the stretching
vibrational mode at 1685 cm! of C=0 in the carboxylic group of D35, which indicates the

interaction of lead and dye through the carboxylic group.26”

In Figure 8-4a, the absorbance of perovskite layers with and without D35 on top, grown
upon FTO/TiOz substrates is presented. From the curves depicted, the presence of the
organic compound increases the absorbance of the (FA/MA/Cs) PblsxBrx, specifically in
the region below 650nm. Since D35 absorbs below 510nm as presented in Figure 8-2,
we may attribute the increase in absorption partially in the presence of D35 and primarily

to the improved perovskite film quality, namely compact and large perovskite grains.

a) —— (FAIMA/Cs)PbI,_Br, b) —— (FAIMA/Cs)PbI,_ Br.
- (FAIMA/Cs)Pbl. Br, with D35 p —— (FAMA/Cs)Pbl, Br, with D35
E *
= —_ | *
s s - ,|
[1}] Ee] o # |
S = A
S B
o
B 2
400 500 600 700 800 0 20 30 40 50
Wavelength (nm) 2 0 (degree)

Figure 8-4: UV-vis absorption spectra (a); and XRPD patterns (b), of mixed perovskite films with
and without D35 treatment. Symbols “*”, “0” and “#” refer to the perovskite, FTO and TiO» peaks
respectively.

The structural quality of the perovskites was examined and verified by the X-ray powder
diffraction XRPD analysis (Figure 8-4b), which confirmed the presence of the main re-
flections from the (FA/MA/Cs) PblsxBrxperovskite (at 20 =13.5, 19.4, 27.8 °), titania (at
20 =26°) and the FTO (at 20 =24 °) layers.229281.282 The trace of the two patterns is similar,
however in the presence of D35, stronger perovskite diffraction peaks are grown, a fact
associated with perovskite's improved crystallinity. On the other hand, full width half
maximum (FWHM) analysis showed no difference (0.24° for the 001 peak for both sam-
ples). FWHM is associated with the size of crystallites via Scherrer’s equation. However,
this is a mean value estimation, thus the size will be precisely estimated by scanning elec-

tron microscopy (SEM) analysis. A more careful observation (Figure 8-5a) shows that
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the peak position presents a slight shift (from 13.50° to 13.55°) upon D35 molecules in-
teraction. This shift can be associated with the relative geometrical position of the sample
however, the interaction of D35 with the perovskite lattice cannot be excluded.?83 How-
ever, even in the latter case, the permeation into the perovskite crystal induce neither a
phase transition nor formed any 2D structures on the surface of the perovskite films.262
Moreover, Figure 8-5b presents the diffuse reflectance spectra transformed in Kubelka-

Munk according to the following equation 8.1:256

F(R) = (1;—:?)2 (Eq 8.1)

where R is the reflectance and hv is the photon energy. [F(R) x hv]* was plotted as a
function of energy (eV). By extrapolating the curves, the band gap energies have been
estimated at 1.62 eV for both D35-containing and reference samples, indicating that the

optical bandgap of the mixed perovskite is not altered in the presence of the organic com-

pound.
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Figure 8-5: XRD patterns of mixed perovskite films with and without D35 treatment (a); Diffuse
reflectance spectra of TiOz/(FA/MA/Cs)PblsBry/D35 and TiO,/(FA/MA/Cs)Pbls.Brx films (b).

Afterwards, the surface of the perovskite films was examined via contact-angle measure-
ments and microscopy techniques. At first, the wettability of the chromophore interlayer
was evaluated by the contact angle measurements presented in the supporting infor-
mation (Figure 8-6). As shown, in the presence of D35, the contact angle increases from
62.63¢ for the reference to 89.98¢ for the modified film. This result verifies the beneficial

role (effect) of the hydrophobic character of D35, stemming from the presence of the

| 139 |



CHAPTER (8] D-m-A Organic Layer Engineering

butoxy groups that act as an insulating hydrophobic shield, protecting the perovskite ab-

sorber.284

89.98 °

*

ik 0.0 deg

Figure 8-6: Contact angle measurements of reference and D35- modified films upon mesoscopic
TiO; surfaces.

Subsequently, scanning electron microscopy (SEM) was used to thoroughly examine the
effect of the D35- treatment on the perovskite morphology. Figure 8-7 depicts the per-
ovskite layers with (b,d) and without (a,c) D35 in two different magnifications.

Figure 8-7: SEM images of perovskite films without (a,c); and with D35 treatment (b,c), under
different magnifications.

The presence of D35 affects the morphology of the perovskite since the modified films
exhibits a smoother surface morphology than the reference one, while the dye seems to

polish the surface of the crystals and reduce the area of the grain boundaries. Since the
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grain boundaries are considered to act as charge recombination sites, thus their repres-
sion entails improved charge transport and collection at the interface of perovskite film,

leading possibly to higher FF values.28%

The grains size distribution was estimated by the statistical analysis presented in Figure
8-8 where the size distribution of a representative (N=100) number of perovskite grains
from each sample is presented. From the results summarized in Table 8-2, it derives that
in the case of the modified film the mean size of the crystals is slightly larger compared

to the reference (254nm versus 240nm).
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Figure 8-8: Grain size distribution of (FA/MA/Cs)Pbls..Bry/D35and (FA/MA/Cs)PblsBry films
grown on TiO; substrates

Table 8-2: Statistical parameters of the grains size for (FA/MA/Cs)Pbls,Bry/D35 and
(FA/MA/Cs)Pbls.Br«films grown on TiO; substrates.

Mean Standard deviation Mini- Median Maximum
Sample
(nm) (nm) mum(nm) (nm) (nm)
Reference 240,44 101,0 70,8 230,2 533,9
D35 254,34 100,0 92,8 239,1 535,7

The topology of the films was also examined via atomic force microscopy (AFM) analysis
(Figure 8-9), which confirmed more homogeneous features with a significant decrease
in the surface roughness of the modified perovskite layer (RMS=15.9nm) compared to

the reference one (RMS=21.2nm).
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Figure 8-9: AFM images of perovskite films without (a); and with D35 treatment (b).

Moreover, Figure 8-10 shows the depth histograms of the top surface topography with
colored scales for the prepared perovskite films, which indicate a significant decrease of
the height of surface features (30-120nm with max:73.5 nm for reference to 20-90nm

with max: 50.04nm for the D35 PSC).

Depth

Figure 8-10: Depth histograms of top surface topography for (FA/MA/Cs)Pbl, Br /D35 (right),
and (FA/MA/Cs)Pbl, Br (left) films grown on TiO, substrates.

The roughness decrease in the case of perovskite films following D35-modification, can
be attributed to hydrophobic molecules coordinating the perovskite via carboxylic acid
binding groups and thus further controlling its crystallization.28¢ Indeed, the obtained
results clearly indicate that the presence of D35 atop of the perovskite layer affects the
(FA/MA/Cs) PblsxBrx /Spiro-MeOTAD interface, leading to a more homogenous and
smoother absorber. Such perovskite films of higher quality and crystallinity are expected
to affect the values of current density and fill factor parameters, thus improving the per-

formance of the corresponding PSC devices.
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In order to investigate the optoelectronic properties of the employed materials, ultravio-
let photoemission spectra (UPS) measurements were performed in samples with and
without the D35 chromophore modification. The results are presented in Figure 8-11a
along with an illustration of the measured and calculated energy bands (Figure 8-11b)
of the relevant materials. The energy band gaps were calculated using the data obtained
by UV-Vis spectroscopy. The energy level diagram of D35 typically shows a highest occu-
pied molecular orbital (HOMO) level of 5.50 eV and a bandgap of 2.43 eV.287 The valence
bands maxima of (FA/MA/Cs) PblsxBrx and (FA/MA/Cs) PblzxBrx/D35 are located at
5.9eV and 5.3 eV, respectively.
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Figure 8-11: UPS spectra taken from the surface of (i) ITO/TiO/perovskite, (ii) ITO/TiO2/per-
ovskite/D35, (iii) ITO/TiO2/perovskite/D35/Spiro-MeOTAD samples. Secondary electron cutoff
region and valence band region are depicted (a); Energy levels diagram of the materials employed
in the PSCs. (b); A SEM cross-section image of a TiOz/perovskite/D35/Spiro-MeOTAD device (c).

This result claims that the presence of D35 affects the position of the energy bands in a
way that favors the self-driven charge separation to the hole transporter by reducing the
energy barrier, thus facilitates hole transport to the silver electrode via the hole trans-
porting layer. In Figure 8-11c, a cross-section SEM image is presented, depicting the suc-
cessive layers of a D35-containing device, built on FTO glass. D35 is not identified while
the thickness of the layers is the same in the reference sample also (the corresponding
SEM image is not presented). As estimated, the thickness of the (FA/MA/Cs)PblsxBrx
layer is 550nm while the Spiro-MeOTAD layer and titania layer are 165nm and 390nm

respectively.
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Furthermore, the influence of the donor-m-acceptor compound in the operation of perov-
skite solar cells was estimated, thus devices with the following structure were fabricated:
FTO/TiOz/Perovskite/Spiro-MeOTAD/Au denoted as ‘Reference PSC, and
FTO/TiOz/Perovskite/D35/Spiro-MeOTAD/Au denoted as ‘PSC with D35’. Figure 8-12a
depicts the J-V curves of the champion devices for each batch and Table 8-3 summarizes

the corresponding photovoltaic characteristics.
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Figure 8-12: |-V curves of the best performing cells with and without D35 (a); the steady-state
power conversion efficiency outputs under 1 sun illumination for reference and modified PSCs
(b); The IPCE spectra and integration currents of the corresponding PSCs (c); The Nyquist plots
obtained via EIS measurements, under 1 sun illumination and under Vupp bias. Fitting of data has
been done using the equivalent electrical circuit in the inset (d).

From these results, it is obvious that D35 improves the performance of the devices and
specifically the values of current density and fill factor. Therefore, the maximum effi-
ciency (18.57%) was improved by 8.45% in relation to the reference device. The presence
of D35 apparently increased the mean photocurrent which reached a champion value of
24.60 mA-cm2 while the fill factor was clearly improved from 0.67 for the reference to
0.72 for the best modified PSC. The improved Jsc may be attributed to the higher crystal-
linity of the D35-containing PSC that leads to increased light harvesting capability of the

| 144 |



CHAPTER (8] D-m-A Organic Layer Engineering

absorber. Moreover, it implies the existence of improved charge separation and extrac-

tion.

Table 8-3: Photovoltaic parameters for the champion solar cells prepared. Values inside brackets
refer to mean values and standard deviations. V_: open-circuit voltage, ]_: short-circuit current

density, FF: fill factor, PCE: power conversion efficiency, SPCE: Stabilized PCE. All data were taken

under reverse scan at 50 mV-s ™
Sample Jsc (mA cm2) Voc (V) FF PCE (%) SPCE (%)

23.57 1.08 0.67 17.12
Reference PSC 15.29
(22.73+41.55) (1.00+0.07) (0.62+0.07) (14.24+1.40)

24.60 1.05 0.72 18.57
PSC with D35 18.45
(23.75¢1.20)  (1.03+0.06) (0.65+0.04)  (15.87+1.52)

The fill factor was also improved in the presence of D35, a fact attributed to the improve-
ment of the corresponding interfaces and suppression of charge recombination process.
In addition, the mean Voc value was also increased; a fact associated with D35’s pas-
sivation effect along with perovskite’'s energy bands upshifting and lowering of Wr from

4.3eV to 3.9eV (Figure 8-11a, left part)

In order to control the quality of the prepared PSCs, the steady-state PCE (Figure 8-12b)
was calculated by measuring the cells under 1 sun illumination conditions and constant
bias equal to the voltage of the maximum power point (Vmep). The Vuep values for the D35-
containing and the reference device are 0.85 V and 0.83 V respectively. A PCE value of
18.45% was stabilized for the modified solar cell after 330 s of irradiation, which is well
consistent with the value taken from the ]-V measurements, indicating the robustness of
the cells. On the other hand, the stabilized power output for the reference device showed
a gradual decline and the corresponding stabilized PCE was lower (15.29%) than the one
obtained from |-V measurements. In addition, internal photo-to-current (IPCE) spectra
were recorded for the devices with and without D35 modification as shown in Figure
8-12c. The enhancement of the IPCE in the case of the D35-modified cell is consistent
with the corresponding enhancement in the UV spectra. Indeed, the contribution of D35
in the collected photocurrent is important especially below 600nm, implying that D35
has a strong effect on the charge extraction efficiency of PSCs. The integrated current den-
sities corresponding to Jsc were also calculated to be 23.67 mA:cm2 and 22.89 mA:cm2
for the devices with and without D35 respectively, values in relative agreement with
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those obtained from the |-V curves. Furthermore, the effect of the D35 interface layer on
the charge transfer and recombination procedures was estimated by electrochemical im-
pedance spectroscopy (EIS) measurements, carried out in PSCs with and without D35.
The experiments were carried out under dark and light (1 sun illumination conditions),
while the devices were biased at the Vmpp values. The corresponding plots are presented
in Figure 8-12d and Figure 8-13, whereas the extracted parameters are summarized in

Table 8-4.

2 "
1 3 PSC with D35
e @ Reference PSC

0 i T T T T T T Y
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Figure 8-13: The Nyquist plots obtained via EIS measurements, under dark conditions and under
V,p bias. (Fitting of data has been done using the same equivalent electrical circuit as presented

in the inset of Figure 12d).

Table 8-4: Ohmic resistance values obtained from EIS analysis for PSCs based on the D35 inter-
layer, in comparison to reference devices.

Sample Rs (ohm) Rch (ohm) Rrec (0hm)

PSC with D35 154.2 8322 4.3E6

Dark Reference
5

PSC 281.8 9663 7.5E

PSC with D35 17.9 85.1 5980
Light

Reference 22.5 122.4 561

PSC
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In the Nyquist plots (obtained under illumination- Figure 8-12d), we denote the appear-
ance of two arcs which are associated with charge transfer (the low-frequency semicir-
cle) and charge recombination (the high-frequency semicircle) processes. 245246 The ob-
tained parameters summarized in Table 8-4 show that the series (Rs) and charge transfer
(Ren) resistances are reduced in the presence of D35, while recombination resistance
(Rrec) for the D35-containing PSC is significantly higher than that of the reference solar
cell. The higher Rrec manifests a lower recombination rate, while under dark the results
(Table 8-4 and Figure 8-13) also confirm that all resistive parameters (Rs, Rrec, Rch) are
improved in the presence of D35, affirming its beneficial effect to the device performance.
Finally, a statistical analysis of their photovoltaic performance was done over 40 devices

(Figure 8-14) of each batch, corroborating the superiority of the D35-modified devices.
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Figure 8-14: The statistical analysis of the photovoltaic parameters for PSCs with and without
D35.

It has been demonstrated that the introduction of semiconducting molecules contributes
to the efficient charge separation and extraction along perovskite grain boundaries.288 In

this context, the incorporation of the D-m-A D35 organic compound should enhance the
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charge extraction across the photoexcited perovskite layer and thus eventually decrease
the possibility of recombination. Steady-state and time-correlated single photon counting
(TCSPC) fluorescence spectroscopy studies enabled the investigation of these electronic

interactions taking place into the different device configurations under photoexcitation.

Initially, the FTO/TiOz/perovskite/D35 device was examined with respect to the
FTO/TiOz/perovskite employed as reference (Figure 8-15a, b). Under photoexcitation
at 482 and 650 nm, the emission intensity of the perovskite was found quenched by 75
and 45%, respectively, suggesting that the incorporation of the D35 dye decreases the
recombination yield in the perovskite layer, hence highlighting an increased yield of elec-
tron-hole separation. More specifically, the transfer of photogenerated holes across the
perovskite layer to the HOMO level of the Pb2+-coordinated D35 molecules is expected,
accompanied by injection of electrons from the D35 to the perovskite. It is known that
the selected dye molecule has excellent electron injection properties, while the butoxy
chains present on the triphenylamine core probably prevent the photogenerated elec-
trons located on the perovskite from radiative recombination due to their insulating char-
acter.289-292 The slight red-shift observed to the PL maxima of the FTO/TiOz/perov-
skite/D35 device may represent the electron-hole recombination process at the perov-
skite/D35 interface. Interestingly, the 75% quenching recorded under 480 nm excitation
is indicative of an improved charge separation in the spectral region where both the per-
ovskite and the dye absorb light. This fact is also evident at the IPCE spectra shown in
Figure 6¢, where for FTO/TiOz/perovskite/D35/Spiro-MeOTAD a broad shoulder around

500 nm is present, contrasting the reference ones obtained without the organic dye.
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Figure 8-15: Steady-state photoluminescence spectra of FTO/TiO»/perovskite (black) and
FTO/TiO»/perovskite/D35 (red) devices at room temperature upon excitation at a) 482 nm, and
b) 650 nm. (c) Time-correlated single photon counting spectra obtained under 482 nm excitation
and probed at 750 nm at room temperature.
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As far as the time-resolved PL spectra recorded for the FTO/TiO2/perovskite/D35 device
concerns (Figure 8-15c), the average emission lifetime of the photoexcited perovskite
was found 1.87 ns, increased by a factor of 0.4 as compared to the 1.32 ns emission life-
time recorded for the reference FTO/TiOz/perovskite device (Table 8-5). We assume a
synergistic effect, where the incorporation of the D35 at Pb?* edges (a) furnishes a pas-
sivation effect to the exciton traps arise from peripheral crystal imperfections, and (b)
retards the electron-hole recombination due to its bulk and insulating chemical struc-
ture.??! Further, we investigated the steady-state and time-resolved fluorescence profiles
for FTO/TiOz/perovskite/Spiro-MeOTAD and FTO/TiOz/Perovskite/D35/Spiro-Me-
OTAD devices, in comparison to FTO/TiOz/perovskite employed as reference. Upon pho-
toexcitation, the emission (at two wavelengths, i.e. 480 and 650 nm) of the perovskite
layer was greatly quenched (especially by 98% under 480 nm excitation -Figure 8-16,
b).
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Figure 8-16: Steady-state photoluminescence spectra of FTO/TiO»/perovskite (black),
FTO/TiOz/perovskite/Spiro-MeOTAD (purple) and FTO/TiO»/Perovskite/D35/Spiro-MeOTAD
(orange) devices at room temperature upon excitation at a) 482 nm, and b) 650 nm. (c) Time-
correlated single photon counting spectra under 482 nm excitation probed at 750 nm obtained
atroom temperature.

Table 8-5: Biexponential fitting of the perovskite’s fluorescence emission decay traces recorded
via time-correlated single photon counting (TCSPC) spectroscopy under 482nm excitation at
room temperature probed at 750nm. (t: decay lifetime; A: relative population)

Device ti(ns) Aix tz(ns) A: average (ns)
TiO2/Perovskite 4.2 0.27 0256 0.73 1.32
TiO2/Perovskite/D35 39 042 0.395 0.58 1.87
TiOz/Perovskite /Spiro-MeOTAD 2 0.58 0.194 042 1.20
TiO,/Perovskite/D35/Spiro-MeOTAD 1.85 037 0.215 0.63 0.83
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Although no spectral shifts were evident in the PL spectra of FTO/TiOz/perovskite/Spiro-
MeOTAD, as compared to FTO/TiOz/perovskite, for FTO/TiO2/Perovskite/D35/Spiro-
MeOTAD a blue-shift of around 7 nm was clearly detected under the 480 nm excitation
(and 2 nm for the 680 nm excitation). As long as the hole-transport layer of spiro-Me-
OTAD accelerates the extraction of the photogenerated holes from the perovskite layer
through the perovskite/D35 interface, recombination of electron-hole pairs is mostly oc-
curs in the bulk domains of the perovskite layer. The blue-shifted emission maxima for
the FTO/TiOz/Perovskite/D35/Spiro-MeOTAD device, located at 743 nm, illustrate en-
hanced charge recombination from the uniform crystal domains of the perovskite, mani-
festing the decrement of charge recombination events due to surface trap states.231 Fur-
thermore, it is also related to the conduction and valence band-edges filled by the photo-
generated carriers, thus allowing transitions of higher energy.2?3 Eventually, the refer-
ence FTO/TiOz/perovskite/Spiro-MeOTAD shown no spectral shifts since the Spiro-Me-

OTAD layer is not beneficial for the surface trap states engineering of the perovskite layer.

Having in mind the earlier discussed red-shift in the PL spectra observed for the
FTO/TiOz/perovskite/D35 devices, we conclude that the exciton recombination maxima
of the perovskite centered at 750 nm constitutes a gross emission fingerprint of the re-
combination events taking place at (a) the surface trap states (around 755 nm), and (b)

the bulk uniform crystal domains (around 744 nm).2°2

Next, we assessed the emission time-resolved decay of the perovskite layer in the
FTO/TiOz/perovskite/Spiro-MeOTAD and FTO/TiOz/Perovskite/D35/Spiro-MeOTAD
devices under 480 nm excitation (Figure 8-16c). The average 1.87 ns fluorescence life-
time of the perovskite layer, composed by two populations of 4.2 ns (27%) and 256 ps
(73%), was decreased by the addition of the Spiro-MeOTAD layer, affording an average
lifetime of 1.2 ns, also composed by two populations of 2 ns (58%) and 194 ps (42%), in
the FTO/TiOz/Perovskite/Spiro-MeOTAD device. In line with the steady-state PL spec-
troscopy findings, the incorporation of Spiro-MeOTAD enhances the extraction of photo-
generated charges, hence leading to an acceleration of the perovskite’s PL lifetime decay
due to a fast hole transfer process. Further decrement to the PL lifetime was recorded for
the FTO/TiOz/Perovskite/D35/Spiro-MeOTAD device, where the D35-passivated perov-
skite was interfaced the Spiro-MeOTAD, resulting to an average emission lifetime of 820
ps, based to the bi-exponential fitting of the decay trace with two components of 1.85 ns
(37%) and 215 ps (63%).
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In order to shed more light on the effect of the D35 compound, steady-state and time-
resolved PL experiments were performed, albeit using plain glass substrates upon which,
successively perovskite, D35, and Spiro-MeOTAD layers were coated. The FTO and TiO2
layers were excluded as to isolate the charge transport influence of the D35 interlayer.
Initially, the deeply penetrating 650 nm laser was utilized to investigate the charge
transport properties of the D35 dye in devices consisting of perovskite layers coated di-
rectly in plain glass substrates, by irradiating the samples from both the surface and the

glass backside (Figure 8-17).
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Figure 8-17: Steady-state photoluminescence spectra of glass/perovskite (black) and glass/per-
ovskite/D35 (red) devices obtained at room temperature upon excitation at 650 nm, irradiated
from a) the glass side, and b) the surface side.

In both cases, the PL emission of the perovskite was found quenched, underscoring the
good charge transport properties of D35. Nevertheless, the broad emission trace rec-
orded when irradiation was performed from the glass side, reveals that in the absence of
the TiOz layer the perovskite is not uniformly distributed at the glass/perovskite inter-
face. In contrast, irradiation at the perovskite surface side, suggests a better crystal
growth and morphology as realized by the symmetric well-defined exciton recombina-
tion peak. Also, a slightly blue-shifted emission peak was evident in the presence of D35,
suggesting the trap-states passivation role of the organic molecule. Irradiating the surface
side of the glass/perovskite reference device with 482 and 650 nm, a maximum PL emis-
sion at 755 and 758 nm, respectively was detected (Figure 8-18a, b). These red-shifted
bands, as compared to those obtained in the FTO/TiO2/perovskite device, are probably
related to the slightly different morphology of the perovskite layer on the glass, as com-
pared to the FTO/TiOz substrate. Incorporation of the D35 compound resulted to a blue

shift of 2 nm and significant quenching of the recorded emission spectra, both under 480
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and 650 nm excitation. Moreover, the recorded PL lifetimes dictated a faster deactivation
for the perovskite layer interfacing the D35 dye (Table 8-6). Eventually, the coordination
of the D35 dye at the Pb2* edges via the cyanoacrylic acid anchoring group passivates the
crystal imperfections. Thus, in and in the absence of the electron transport layer the band-
edges of the perovskite are populated with charges leading to a faster recombination of

the photogenerated excitons from the bulk.
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Figure 8-18: Steady-state photoluminescence spectra of glass/perovskite (black),
glass/perovskite/D35 (red), glass/perovskite/Spiro-MeOTAD (purple) and
glass/perovskite/D35/Spiro-MeOTAD devices obtained at room temperature upon excitation at
a) 482 nm, and b) 650 nm. (c) Time-correlated single photon counting spectra under 482 nm
excitation and probed at 750 nm at room temperature.

Table 8-6: Biexponential fitting of the perovskite’s fluorescence emission decay traces recorded
via time-correlated single photon counting under 482 nm excitation and probed at 750 nm at
room temperature (t: decay lifetime; A: relative population).

Sample ti(ns) Ax tz(ns) Az average (ns)
Glass/perovskite 5.1 0.34 0.209 0.66 1.87
Glass/Perovskite/D35 2.2 0.09 0.201 091 0.38
Glass/ Perovskite /Spiro-MeOTAD 2.67 0.21 0.253 0.79 0.76
Glass/ Perovskite /D35/Spiro-MeOTAD 0.25 - - - 0.25

The passivating effect of the D35 was further examined by characterizing electron-only
devices in the space-charge-limited-current (SCLC) regime.2?* Figure 8-19 depicts the I-
V response, measured for devices fabricated with the following structure:
FTO/TiOz/(MA/FA/Cs)PblzxBrx/PCBMso/Ag corresponding to the reference device and
FTO/TiO2/(MA/FA/Cs)Pbls-«Brx/D35/PCBMso/Ag corresponding to the D35-containing
one. At low voltage values, the I-V plot is ohmic, while in mid-range values the current
shows a rapid nonlinear rise, characterized by the transition to the trap filled limit (TFL)
regime where all the available trap states are filled by the injected carriers. At high volt-
age values (not shown clearly due to the relative instability of the devices), the current
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has a quadratic dependence against voltage (Child’s regime).295 As reported elsewhere,296
the ohmic to TFL transition point (VrrL) is related to the trap density (Nt) according to the

following equation (8.3):

eN.d?
Vrrr = 2
£

(Eq 8.3)

0

where e is the elementary charge, d is the thickness of the active layer (550 nm), € is die-
lectric constant (e =28.8)297 and eo is the dielectric constant in vacuum. The calculated
trap density (Nt) is 3.2 x 1015 cm3 for the reference device and 1.9 x 1015 cm3 for the
modified one respectively. These results, confirming the PL. measurements, indicate that

the presence of D35 reduces the perovskite trap states.
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Figure 8-19: 1-V curves for electron-only devices with and without D35. (a); XRPD patterns of
fresh and aged perovskite films with and without D35 treatment (b); XPS measurements for per-
ovskite films without and with D35 in two different concentrations (10-5 M and 10-2M) (c).

Moreover, Figure 8-19b shows the corresponding XRPD patterns of perovskite films
with and without D35 coated upon TiOz2, as prepared and after two months of storage in
ambient and dark conditions (RH=25%, without encapsulation). The XRPD analysis of
reference films shows extra peaks at 26 = (12.45°, 25.02°, and 29.22°) corresponding to
Pblz, PbO (PDF 77-1971), and PbO(HI) (PDF 75-1177), respectively, thus, confirming the
progressive degradation of the reference film due to thermodynamic and humidity effect
which lead to a change of chemical composition and phase transition of the perovskite.
Despite some presence of Pblz at the modified film, the hydrophobic character of the D35
decreased the effect of humidity on the perovskite layer. The latter was also confirmed
by X-ray photoelectron spectroscopy (XPS) measurements (Figure 8-19c), whereas the
C=0 peak (288.1 eV) seen for the control film associated with oxygen/moisture is signif-

icantly suppressed after D35 modification, indicating that D35 interlayer can slow the
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degradation of the perovskite layer.23¢ In the case of a dense D35 layer (10-2M), the peak

completely vanished.

Finally, the stability of the cells was evaluated by storing the cells (in the dark) and peri-
odically measuring their J-V characteristics. The PSCs were stored unsealed in a desicca-
tor under dark and relatively humid conditions (RH=25%). The results are presented in

Figure 8-20, where the main photovoltaic parameters are plotted against time.
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Figure 8-20: Evolution of the main photovoltaic parameters over time for PSCs with and without

D35.

After 37 days, the PSCs with D35 has preserved 83% of their initial PCE. This is mainly
attributed to the stabilization of FF which only declined by 2% compared to the initial
value, and secondly to the evolution of Jsc which decreased by 5% compared to the start-
ing point. Both values are improved in comparison with the reference PSC, which pre-
served 77% of its original PCE, a value lower by 11.5% than the modified device. On the
contrary, the value of Voc was practically unaffected by the presence of D35 since it is

almost stable after 890h of storage.

| 154 |



CHAPTER (9)

CHAPTER (9)

Conclusions and perspective



CHAPTER (9] Conclusions and perspective

Conclusions and perspective

This class of sulfonium-containing lead/tin halide perovskites has a high potential for

semiconducting applications due to its high chemical stability in ambient conditions.

Below, I summarized the main finding of each chapter:

Chapter (3)

X-ray diffraction analysis shows that the solid solutions of a novel series of (CH3)3SPbls-
xBrx (x = 0, 1, 2, 3) and (CH3)3SPblsxClx (x = 0, 1, 2) crystallize in hexagonal symmetry
(space group P6szmc, No. 186) with 1D columns of face-sharing [PbXs] octahedra.
(CHs)sSPbCls crystallizes in orthorhombic symmetry (space group Pnma, No. 62) forming
3D network of vertex- and face-sharing [PbCls] octahedra. The compounds show high
chemical stability in ambient air at temperatures up to 80 °C and under solar simulator.
There is an unusual effect of the halogen atom, as (CHs)3SPblzxClx (x = 0, 1, 2) form solid
solutions with 1D octahedral columns, whereas (CH3)3SPbCls forms a 3D network of in-
terconnected octahedra. Although the electronic band gaps are over 3 eV, and therefore
not applicable as absorbers in solar cells, these perovskites are solution-processable and
may be used as hole transporters in solar cells. Moreover, DFT and semiempirical ex-
tended Hiickel calculations are proved to be efficient as a method for bandgap calculation

in this class of materials.

Chapter (4)

The relative chemical stability of a novel (CHs)3SSnls perovskite proves that the trime-
thylsulfonium cation undertakes indeed an important role in stabilizing the Sn2+ oxida-
tion state in the 1D perovskite structure. UV-Vis spectroscopy indicates that the rate of
irreversible oxidization upon exposure to air into ((CH3)3S)2Snls is at least one order of
magnitude lower than in hybrid tin(II) halide perovskites. Although (CHz)3SSnlzitself has
relatively large band gap, which does not render it applicable as absorber in solar cells,
the use of trimethylsulfonium as an additive to other perovskites, e.g. in CsSnls, may boost
their stability. The wide band gap 1D layer can be introduced at the interface between the
primary 3D perovskite absorber and the hole transport layer, in order to increase the
stability of the corresponding perovskite devices. Such studies are currently in progress.

Moreover, this study marks the contribution of Raman spectroscopy in the structural
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analysis of compounds where traditional crystallography provides only limited infor-

mation due to their diffuse scattering.

Chapter (5)
The new class, lead-free ((CH3)3S)25nXe (X = Cl, Br, I) perovskite compounds has a high

potential for semiconducting applications due to the low toxicity and high chemical sta-
bility in ambient conditions. The electronic bandgap of ((CH3)3S)2Snlsis at 1.38 eV, which
is almost ideal for solar cells applications, whereas ((CHz)3S)2SnXe (X = Cl, Br) have Eg at
4.09 and 2.9 eV, respectively. I utilize ((CHs)3S)2Snls as hole-transporting material in dye-
sensitized solar cells, based on mesoporous titania electrodes sensitized with a Z907 or-
ganic dye. The solar cells performed a maximum power conversion efficiency of 5%
which is higher than 4.23% found for the Cs2Snls-based solar cell 153298, The higher per-
formance of ((CHs)3S)2Snlsis attributed to efficient charge transport in the bulk material
and hole extraction at the perovskite-Pt interface, as evidenced by electrochemical im-
pedance spectroscopy. Our work underscores the possibility of developing third-genera-
tion solar cells with high performance and increased stability using tin-based perovskites

working either as light absorbers or as HTMs or both.

Chapter (6)
Lead-free, air-stable, low toxic ((CHz)3sS)2SnlenCln and ((CHs)3S)2Snls-nBra (n=1, 2) defect

perovskites have high potential for solar cell applications. The photophysical characteri-
zation and DFT computational calculation confirm that the lattice vibrations modes and
electronic bandgaps are between 1.38 and 1.5 eV and depend largely on the effect of mix-
ing [ and CI/Br atoms. We successfully utilized the novel perovskite compounds as HTMs
in electrolyte-free dye-sensitized solar cells, based on mesoporous titania electrodes sen-
sitized by some transition metal complexes (Z907, N719) and organic (MK2, D35) dyes.
A power conversion efficiency (PCE) of 4% under the standard illumination conditions of
100 mW/cm2(AM. 1.5G) was achieved for the ((CH3)3S)2SnlsBr and
((CH3)3S)2SnIsCl layer sandwiched between sensitizer metal-organic Z907 and Pt inter-
face. Electrochemical impedance results confirm low hole extraction resistance of mono-
substituted halogen at the perovskite-Pt electrode. Overall, our results promote trimethyl
sulfonium tin-based perovskites as chemically stable hole-transport material in lead-free

solar cells.
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Chapter (7)

[ successfully formed an interlayer of a wide bandgap air-stable 1D (CHs)3SPbls perov-
skite through a cation exchange reaction between (FA/MA/Cs)PblsxBrx and trimethyl
sulfonium cations. Our results confirm that the interface layer of trimethyl sulfonium lead
iodide has a critical role in improving the stability of the perovskite absorber degradation
against light and humidity in excellent agreement with XRPD analysis of the 3D/1D bi-
layer (as we discussed in the corresponding section). The results showed a lower loss in
the performance of (39.3%) of the modified PSCs compared to (70.5%) of the reference
cells (relatively humidity 30% and dark conditions for 700 h), which also are a good
agreement with the light stress results, that show a lower loss performance of (27.5%) of
the modified cells compared to (83.7%) of the reference cells under continuous light
stress for four hours. Our results underscore the possibility of developing a stable two
layers perovskite which seems to be a very promising tool for developing high perform-

ing PSCs with improved stability.

Chapter (8)

An effective versatile strategy for enhancing perovskite device performance using the
D35 donor-m-acceptor was introduced. The D35 treatment improves perovskite film
crystallization, enhances light absorption and provokes an appropriate energy alignment
that favors charge extraction to the anode and cathode electrodes. ESP analysis suggests
that D35 possesses a carboxylate group with high electron density, which could coordi-
nate/passivate with the undercoordinated Pb?* cations of the perovskite crystals, thus
retarding non-radiative recombination. At the other end of the D35 molecule, hydropho-
bic butoxy chains improve the moisture stability of the perovskite films. PSCs with the
D35 interlayer showed the best PCE of 18.57% while unencapsulated modified devices
retain 83% of their initial PCE after storage in a desiccator for 37days, while the PCE of
the reference devices degraded to 77% after aging procedure. This work elaborates on a
novel strategy to combine D-m-A organic dyes with perovskites to fabricate robust per-

ovskite films for efficient and stable PSCs.
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