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Abstract

Hybrid leadhalidebased peraskite solar cells have caugiie attention ofthe scientific
community all across the globe. Thishiscause research associated with perovskite solar
cells showed a dramatic improvement in efficierammpaedto conventionalkolar cells

built with  Silicon. Additionally, benefits such as solution processing and eése
manufacturing make it a potesl candidate to replace conventional photovoltaics
materials. However, poor stability issukave been a significantrawback.The poor
stability ofthepero\skite layer ofterlisintegrateperovskite into either Phimetdlic lead

or some volatile species, creating defectshatsurface, grain boundariemd causing
permanentdamage to theperovskite structureHence this work aims to investigate
additivesfor improving the stability of hybrid organriaorganic perovskite solar cells
based on methylammonium lead iodiukesed active layefhus, this thesis is dedicated to
investigatingadditives that can improvbeintrinsic photostability of MAPRL To atieve

the aim, additive weremixed into the perovskite precursdirst screened by a thifiim
photostability test, and then investigated in the complete solar cell devices to further
examinetheir operational stability under illuminatioRor this thes, three of the best
additives showing stabilization effactvere studied in detail. Their mechanism of
improving stability and influence on morphology, optoelectronics property were examined
in conjunction with the operational stability adiditive contaning solar cellsThe highest
operational stability of solar cells achieved in this work was 44@¢hichis ~80% ofthe
initial stage)due to NzHsl (hydrazinium iodidgfAl) incorporation in MAPKH film,
followed by 1500 h(which is more than 95% dhe initial stage)due toN-Methyl-2-
pyrrolidone(NMP) cosolvent present with excess Ridad iodide)n MAPDIs.
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1. Introduction & Background

1.1 Why fAsol aro?

The taditional source of energy includes oil, coal and gas. However, these conventional
energy resources alienited on earth. Duéo the limitation of availabilityit is impossible

to rely on conventional energy resourtesatisfytheincreasedlemandor consumption.

A studydone bythe US energy department has predicted that by 2050 the demand in energy
requirement will sour to double compared to tas observed ithelast decadéFigure

1) 1. The approximate esumption of energy fdahe entire world population is around 16

TW per yeaf. Clearly with this sped,the human race wilsoonrun out of conventional

energy sources like fossil fuel.

On the contrary, solar engrgs abundantlyavailable in natureso solar energy is
consideredan alternative renewable energy resoutceTo add on,greenhouse gas
emissions can also be minicad by utilzing solar energy, resulting in lowepllution.

Thus, solar energy providetean andgreenenergy. 1 the low cost of manufacturing is

achievedthen solar energganreplace conventional energy resourtes

Global primary energy consumption by region (2010-2050) —
quadrillion British thermal units eia
1,000 history | projections
900 | non-OECD
800 :
700 : Asia
600 :
500 : Middle East
400 I Wrica
| Americas
300 I Europe and Eurasia
200 l OECD
100 | (Crganization for
l Economic Cooperation
0 and Development)
2010 2020 2030 2040 2050

Figure 1 Expected energy consumptiort
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@) Global Energy Potential (b)

SOLAR ENERGY
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® Tide o3 Tw

Q word
@ waveoz21w consumption
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GEOTHERMAL
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ENERGY 2TIMES

Q@ Geothermal 0327w

@ Hydrosatw

o Biomass 2.6 Tw

POTENTIAL OF RENEWABLE
ENERGY SOURCES

Every Year Total Reserve

Figure 2 (a)global energy potential (b) availabilty of energy resources.
1.2 Origin and history of solar cells

Solar cells convert sught into electrical energyA solar cellis a great tool to utilie solar
energy The milestones in thelevelopment of photovoltaic technologye datedackto

the 18" century The veryfirst photovoltaic effect was demonstratedEymond Becquerel

in 1839. Later in 1883the first solar cell using Selenium wafer was demonstrated by
Charles Fritts Although the efficiency of that solar cell was very loaround ~1%the
solar cell conceptvas demonstrated well. However, commercial solar cells were first
developed byBell labsin 1954 They usedSilicon to produce solar cellsvhich gave
efficiency around %% °. Unfortunately, thee solar cells were nat very succedsl|
commercialproduct due to the high costherefore their application became limited to
powering satellites and some other space applicat®ince thenresarchers have been
attempting to develop a lewost solution for PV technologyrhese resulted in three
generationsf solarcells(Figure 3 8. The firstgeneation solar cellaremainly comprised

of Silicon wafers The developmeruf Silicon-based solar cells léd very high efficiency

but asignificantdisadvantage wakevery high costas discussed he secondjeneration
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solar cell offered low cost buwith compromisein the efficiency. Hence the third

generation waslevelopedwith the aim that it can be cestfective as well as efficient

which is still in the research and development phase. The hybrid organic/inorganic

perovskite solar cellarean advanced concept ithe third generationfollowed by dye-

sensitized solar cellSSQ and organic solar cells

The Three Generations of solar panels:

Wafer based:
1. Monocrystalline silicon.
2. Polycrystalline silicon.
3. Multi-junction cell
Thin Films based:
0« 1. Amorphous thin film silicon.
2. CdTe(Cadmium Telluride).
3. CIGS(Copper Indium Gallium Selenium.

A 1. DSSC(Dye-sensitized solar cells.

) 2. QDSSC(Quantum Dot sensitized solar cells.

0‘5 . 3. OPV(Organic Photovoltaics.
; 4. Pervoskite Solar cells.
ow
Figure 3: Evolution of photovoltaic techndogy. ¢
1.3 nPerovskiteodo solar cell s
AfPerovskiteo i s t hesdiscaveresdinoshe Ural Mantamis of Bussial

and named aftdRussian mineralogist Lev PerovsiNeverthelesshis term is being used
for all compounds with the general formudX3s with the same crystal structure as
CaTiGs or derived from this structurd?erovskitematerials consist of two cation$he
cation A is 12 fold coordinated by the anions X and the catiodidddénzhere X can either
be oxygen or a halidén terms of grovskite solar cellsA site can beMA*/[CH3NH3]",
FA*/[H.NCHNH;]*, Rb, Cs', B site can b@k*, Srt*, G&* and X site can be halogehs
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, CI', Br. The choices of the cation and anion relytlmeGoldschmidt tolerance factor (t),
which predicts astable crystal structure of perovskit&ccording to the Goldschmidt
tolerance factorthe relationship between the ionic radius of Misite cation (x), B-site

cation (8) and Xsite anion (%) is given as shown in equation 1

O i 1 Mg (1)

—
O
~

114

o i Kol

S
% 1.0 @O
w Established Too large
§ 0.9 perovskites o
Bos sy
S T X
0.7 1 o 003«\?’ ‘
0.6 -
6@
Na K Rb Cs MA FA |A EA GA
A cation

Figure 4 (a) crystal structure of perovskite materials (b) suitableiA-s i tcatians for perovskite solar

cellsé

For many different inorganic or hybrid perovskite ligiitsorbing layers suitable for
photovoltaic application, the tolerance factor lies between 0.8 to 1. Specifically, for
methylammonium lead iodid€MAPDIs), the tolerance factor is ~ 0.95. This why
MAPDIz is the most promineny studied hybrid organieinorganic perovskiteamong

perovskitesolarcells®>® andalsothe main perovskite materifar this thesis.
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1.4 Advantages ofPerovskite solar cells
1.4.1Excellent optical and electronic properties

The light-absorbingperovskitematerials offer mangignificart advantages. One of them
is excellent optoelectronic properties thaike them suitable for photovoltaic application
Perovskites are direct bandgap semicondudttatare ambipolar in nature. Perovskite
light absorber materialhavesuitable bandgap (~1.5 eV), deceharge carrier motilities
of 2-66 cn? V' 1s' 1 long diffusion lengthsof charge carriers >&m, and bw exciton
binding energy: 250 meV, which helps to achieve better charge transport propeiss
due to its high absorption coefficients, perovskite light absorber materials can be used in
the low light egion Further,thelow density oftrap statesnonradiative recombination,
and high quantum yield make @n exciing candidate for PV technologie¢8!l A
comparisonof the photoelectricalproperties of perovskite material witbther PV
technologyis shown inFigures 5a and 5bFurther, the improvement in external radiative
efficiency allows measuring the improvement in sradiative losses quantitative(lyigure

5c¢), providing the benefit of additional gain indand fill factor!?13,
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Figure 5 Comparison of PSCwith different PV technology(a) absorption coefficients, (b) efficiency
vs bandgap (c)external radiative efficiency (P and C stand for Perovskite and CIGS technologies

respectively) %14,
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1.4.2.High opencircuit voltage(Voc) and power conversion efficiend?CE)

Anothervital advantage othe perovskite absorber layer ishégh openrcircuit voltage
produced under the full solar spectru®pen circuit voltage represents the maximum
possible voltage across a solar cell under the sunlight when no current isgfléwsin
depicted in figure & highe V.. results in higher power conversion efficienctés In
practi@al terms this Voc depends orffective bandgap potentildss(Eg/q i Voc). Dueto
lower recombination rates of charge carriers in perovsiitective bandgap potentilass

is very low as shown in Figurel Thus, perovskite materials haa®w loss of potential
that further helpsattain a higher power conversion efficicncyPCB °6. As a result
perovskite solar cells haveached a very high efficiency beyond 25.2cdmparable to

commercially available Si PV technologfyigure &) *’.
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Figure 6 (a) Dependence of PCE on IV parameters®. (b) Open-circuit voltage (Voc) vesus optical
band gap (Eg)of different PV technology®®. (c) PCE evolution of PSC4’.

1.4.3.Easeand low cost of manufacturing

The main advantage above all the advantagdwisa® and low cost of manufacturing
perovskite solar cells. Perovskite solar cells canebsily fabricated using solution
processg techniquesuch asspin coating, drojgasting, slot die coating, doctor blading
5. On the other hand, commercial Si RY¥ expensive because of the high cost of
manufacturingThe cost comparison of Si PV vs PSC (peraeskolar cells) is illustrated

in Figure 7aThe manufacturing of Silicebased solar cells requepurifying raw silicon
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feedstock at very high temperatsife2000¢C ) and prepare ingots, which are later sliced
into wafers. Those wafers are thmocessed to form panelghese proceduresreenergy
intensive. Further, installing those paswdlds ugheextracosttoo. Thus, overall, in terms
of payback, the energy and money spantsolar panels are higher thimaditional fossil
fuel resources!® Because dahe energyintensivesilicon purifying and extractio process,
the cost required to produsticon PV is almost doublehat of perovskite light absorber
materials(Figure &). Furthermore, it is projected that to cover 12.5 T@dinsumption,
three years of current production capacity is needed silicon. On the other hand,
perovskiteswould just take a few days to produce wikie current lead manufacturing
technology(Figure 7b)°. Thus,combiningall thesefeatures makes perovskibased solar

cells a potential candidate to replace currently used Si PV technology.
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Figure 7 (a) Cost @mparison of Si PV vs Perovskite solar cell® (b) material production capacity of

various PV technologies®.
1.5Challenges: stability issues of complex lead halides

Since perovskite solar cells showed rapid progress of improvemeéhe gfficiencies
within a decadetheyhave emerged as future generation PV technoldtpwever,long-

term operational stéity has been esignificant factor thatacs as a blockade forthe
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commercialzation of PSCs. Silicoibbased PVimodules are considergd be stable for 25
years. On the contrary, merskite solar cells areeported to be stablenly for a few
hundred hours ta maximumof one year; thus, it faces serious stability issuesmpared
to already available PV technology in the markitesestability issues can be further

classified as extrinsic stability challenges arfieirentstability challenges.
1.5.1 Extrinsic stability issues

The perowskite-based active layas susceptil® to external factors such aster, air and
moisture.Out of many perovskite structureBlAPDbIs perovskitebased active layeis
widely explored to understand tlikegradatiormechanism due to various extrinsic and
intrinsic factos. Reports have shown that upon exposure tegbgternalfactors,PSCs

degrade antbsetheir operational stability.

It was found that m the presence of waterMAPbIz crystal structureforms
hydrates/complex with 0 (equation 2anddeformsthe perovskitestructure destroying

optoelectronic properties, resultingloss of photovoltaic performanc@?..
A4CHNH3Pbk+H,O  Z  4NEiRbk O  Z  {NBg}dPbl 2,8 +3Pbh+ 2H,0 )

Further, when MAPRIis exposed to moisture under illuminatiangthylammonium
cation gets despoiled and results in,Phland wateequation 36) °. Thus,the formation

of Pbb, I» and water results ithe destabilzation ofthe solar cells.

CHsNHsPbk( s ) YsNIHdI (aq)+Pbk (s) 3)
CHsNHsl  ( a gaNHé @dj+HI (aq) 4)
4HI (ag)+Q ( g ) ¥(9+2HO0 ()
2HI  ( a@¥kMgy (6)
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Whereas thexposure of CENHsPbk photoactive layers to light andry oxygen results
in superoxide /( ) species. This reactive/ species can deprotonate the
methylammonium cation (GiNIH3"), leading to the formation &bk, water, methylamine

and iodin€®? 24, as showrin equation 7

ACH:NHsPbk+/ Y 4 C #MH2+2l+2H,0+4Pbb (7)

Though the impact of these external factoan still be mininged by encapsulating the

active layerHowever,it may result in loss of performance or increment in cost.
1.5.2 Intrinsic stability issue

Ironically, MAPDE is intrinsically unstable as well. It meatistin the presence of light
andheat MAPDI3 tends to decomposkn practical termsthese conditions are unavoidable
for the operation of a solar celWhen the temperature is above @sMAPbk forms

ammonia or other volatile species and-Retjuation 812>

CHsNH3PbkY Pbb+ CHsl+NHs (8)

Whereas, irnthe presencef light and temperaturéhe degradation pathwagsereported

asequatiors 9-10.

CHsNH3PbkY [Pbb]+ volatile species (rising from GINHal) 9

PbbY PB'+2IrY PHI°+1'Y ( 1 P|W2Pbb+ (1/2)k (10

In the presence of light and heBhb is further decomposed and resultametallic lead

and moleculaiodine formationas mentioned abo&%.

Thus, this PP and iodine create defect sites resuliimgnstability of perovskite solar cell

devices.These defect sites are often reported tovitlein the grains, at grain boundarjes
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or at the surface of theHsNHsPbk perovskite layer. Moreover, these trap states can also
alter the energy level alignment and destroy charge transfer prope@idsNitisPbk solar

cell device. Besides, nomadiative recombination becomes more prominent in such
scenario, a cleamdication of detdoration of device performanceTherefore, it is
crucial/important to chemically passivate these defect sites to achieve longer stability of
theCHsNHsPbklayer?®. To do soadditivesareoftenemploye, i.e. a compound is added

into the perovskite precursor
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2. Literature Review

So far, there is n@roperrule of selection to choose additive fihre MAPDI3 light-
absorbing layefThe majority of the additivediaveopted from alreadgvailable literature
or experimental data related to esensitized solar cells (DSSG@pr whichadditivesare
oftencategorized based d O, S atoms serving as electron don8iacethese electron
donor atoms can bind /coordinate with?Pbpeciesjt can resultin adduct formation,
passivateéhe grain boundariesind improveefficiency and stabilityFurther based on the
electrondonating atoms, additivesesubcategorized as amines, nitriles belongintnéo
N donor atom, amides, acids, acetasdsphol, ester, ether belongingtte oxygen donor
atom andsulfides thiocyanates belonging tbe S donor atom’. Following the same idea,
here,additives arelassified as organic and inorganic additif@sthe MAPbg perovskite
layer with further classifications as mentioned aboVéus obtained analysis of the
available literature is then published in a reputed journal which can be accessed at
https:/Boi.org/10.3390/cryst11070814

2.10rganic additives
2.11 N donor atombaseal additives

2.1.11 Amine additives

Scientists commonly refer to amibased additive Following therecommendationthe
non-stoichiometric use of methylammonium iodide as an amine additivenwestigated

in the early phases of developing perovskite solar cells. It was established that adding
excess MAI reducedefect traps densifyncreases PL lifetime, and further increases PCE
regardless of fabrication method%3C. Likewise, some other organic amine derivatives
such & benzylammonium iodide (BAI) and Phenethylamine iodide (PEAI) have also been
investigated as additives and found to improve light harvesting properties and exciton

lifetime with reduced charge recombinati¥hi?. Besides, attachingydrophobt cations
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within amine additives, such as hexylamine hydrochloridélit), 1,6-diaminohexane
dihydrochloride (1,6DD) and phenylhydrazinium iodide (PHAI), may even work as a
protection for the MAPARI film against moisture, improving the stability in ambien
conditiors 2334, Later, t was found that if instead of iodidehloridebased counterpart
(such as MACI instead of MAI) was used as an additive, perovskite films became more
crystalline, with increased grain size and homogenous, smooth morphology, which further
resulted in grain boundary passivation, resulting irebgterformance. Unfortunately, the
addition of MACI was reported to form mixed halide perovskitelHsPbk«Clx (as the
objective perovskite was GNH3sPbk) %37, Although there were opposite reports about
mixed halide formation. It was shown that when other halide ions, i.e. X=Br/Cl, are used
with a minimum concentration in MAPbIprecursor, it does not affect MARDI
characteristics, and the final perovskite remains crystalline M@#aseonly instead of
mixed halide perovskite. This is because a low concentration of halide ions can quickly
evaporate as the films are annealed during the fabrication process. Sihmexdmples

of such additives are Amphiphilic hexadecyl trimethyl ammonium bromide(CTMAB),
ethyl ammonium chloride (EACI), Is&aminoguanidine monohydrochloride (DAGCI),
methoxyammonium chloride (MeOCI), 2, 2,-trfluoroethylamine hydrochloride
(TFEACI), benzenamine hydrochloride(BACI);cBloropropylamine Hydrochloride {3
CPACI), diethylamine hydrochloride (DEACH 42,

Furthermore, nitrogeitontaining heterocyclic amines play a great role in improving
stability 4. For instance, tbipyidine m tMARDE dermanstrated o f
complex adductformation with Pbb, slowing down the metallic leatbrmation thus
improved intrinsic stability againgtumination 4. Additionally, it has been shown that the
presence ofeducedN atoms prevents the loss of volatile spediggeacting with PH

from the perovskite film and acts in a similar way as polymeric passivation coating.
Further, such a passivation effect was visible morphologically (in the SEM-s®o8en
images and energy dispersivera§ analysis) when PVC waslded in MAPb4 %°. Later,
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scientists designed pyridine derivatives with units containing different multifunctional
groups. One such additive isg(PyP), which contains dg units that are hydrophobic in
nature and pyridine units which chelate$*Riy donating lone electron pair on the N atom.

It is known that uncoordinated Phons are considered trap states at grain bouncamigs
can block charge extractioff. Thus, grain boundaries are passivated by assisting
coordination interactions with the Phon of MAPbk and PyP unit that further improved
short circuit current densit§c and eliminated ion migration, hile thehydrophobic Go

unit does not let moisture directly affect the fithh Similar results were noticeable when
pyridine-2-carboxylic lead salt (PbPyAand polyvinylpyrrolidone (PVP) additives were
employal in a MAPbIs precursor®®#’. To add on, solvent additives with heterocyclic
nitrogencontaining units alsdemonstrated similar results. an investigationZhang and
co-workers demonstrated thidtmethyl2-pyrrolidone(NMP) as a solvent additive when
added indimethylformamideg(DMF) resulted ina high quality of perovskite film due ta
Lewis acidbasereaction withthePb atom. The study revealed that intermediates obtained
with different Pbb/NMP ratios are of the same kind, because of whichstiar cell
performance and stability do not depend on the NMP ratio in the preéBirSotlowing

the idea of Lewis acithase interactiorKim and ceworkers explored pyrrolidorbased
solvent additives and compardg@mwith acommonly used DMF based precursdrFor
pyrrolidonebased solvent additives, different-Mbstituents: Nmethyl2-pyrrolidone
(NMP), N-ethyl-2-pyrrolidone (NEP), Ncyclohexyt2-pyrrolidone (CHP), and Mctyl-2-
pyrrolidone (NOP) wreemployed. During the in situ crystal growth, it was observed that
a solvent additive containintihe pyrrolidone structuravith a higher boiling point resut

in alower vapour pressure oveéite pristine DMF based precursor. Thus, it resulted further
improvement in the morphology the perovskite filmsince the N substituent becomes
bulkier with a higher boiling point (The boiling points of NMP, NEP, and CHP and NOP
arel 54e 202204 268 6 34).Burtlgermore, it was discovered that the strength
of coordination ofa solvent component influeedthe intermediate formation with Phl
which, in turn, was influenced by the boiling point of the solvent. This was based on the
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evidence when the intermediate phase was found to vanista@itP solvent additive,
whereaghe pure DMF solvent withoupyrrolidonebased solvent additives showeMF:

Pbk solvate formation. Therefore, it was suggested that the bulkier additive solvent
suppresshe DMF: Pbk solvate formationwhich lacls stability when used without any
cosolvent 4%, Some other derivatige such as DMI , 4(4-ethenylbenzyhs-
(3,3,4,4,5,5,6,6,7,7,8,8f8decafluorooctylimidazolium iodide (ETI), -thethy}3-
propylimidazolium bromide (MPIB), -butyl-3- tetrafluoroborate (BMIMBF4) are other
examples that result in improved PCE and ambienilsyatiue to hydrophobicity of N

atoms witlin aring like structure?>2,

The chemical structures of the abaliscussed amine additives are shown in Figure A0.1,

Appendix, O.

2.11.2 Cyano/nitrile additives

Subsequently, it was observed that the cyano goompaining N atom could be equally
effective to passivate grain boundartésTriazinegraphdiyne (TreéGD) is a graphene

like material that consists of pyridifi&e nitrogen in the highly conjugated framework. It
was suggested thatbalanced charge distribution in the C=N bond in the triazine ring
promotes stronger interaction with#®fresulting inavery tight contact between these two
materials. Thisin turn, did not allow the ion migration on the surface and successfully
passiated grain boundariés Similarly, graphitic carbon nitride addition also resulted in
good morphology due to highly compact bonding betweéhdta N of C=N that further
endorsed to achieve power conversion efficiencies up to 21.1% (aperture 6)l#ndm
19.5% (aperture 1.0 c) featuring an opeuaircuit voltage of 1.16 V (corresponding to a
slight voltage loss of 0.39 V) and improved operational device stability (~90% initial
efficiency retained after constant one sun illumination for 504-1) Further, Zhou and
co-workers demonstrated that by employih§ Diazabicyclo[5.4.0]Junde@-ene (DBU),

the formation of 1can also be suppressed due to adduct formatitmPbk °¢. Besides,
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another solvent additive, acetonitrile (ACN), also shoingatovement in morphology due

to adduct formation witfPbk when added im DMF based precursor. This further proved

to increase PCE from 15.04% to 19.7%, which remained stable without encapsulation for
160 h, with the PCE remaining ~60% of the initial value when exposed to the white light
> Figure A0.2, Appendix Oshows the chemical structures of thirile additives

mentioned above.

An overview of thanfluence of amines and nitrile additives on stability is shown in Figure
A0.3, Appendix 0.Further, Table 1 below shows theffect of N donor atorrbased
additives on the PCEtability and stability conditionf MAPDbIz PSC
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Table 1 Additives based on nitrogen donor atom containing amines or nitrif§

Additive in active layer | Architecture PCE, % | Stability PCE, | amount | Stability Stability Role of additive | Ref
(Pristine | (Pristine) % of with conditions
) (with additive | additive
additiv
e)
Excess MAI FTO/ SnQ | 15.14 N/A 17.24 | Molar N/A N/A Hot casting,| 28
/CH3:NH3sPblk/PCBM/Ag ratio improved
(Pbk: crystallinity,
MAI) decrease in
=1:1.05 defect density,
increased PL
lifetime.
Excess MAI ITO/PCBM/CHsNHsPbE/HT | N/A N/A N/A MAI: N/A N/A Vacuum 2
L/Au Pbk deposition,
molar increase PL
ratio = lifetime, reduced
31 trap states
Excess MAI FTO/ TiO /] 11.13 N/A 13.37 | 0.2mM | N/A N/A Sequential 30
CHsNH3sPbk/Spiro- depositon, Good
OmATAD/Au quality
perovskite film
and increment in
recombination
rate
benzylammonium FTOITIO/ 6.83 N/A 9.05 molar N/A N/A better light| 31
iodide CHsNHsPbk/HTL/metal ratio harvesting
(BAI) BAI/MA property and low
1=0.2 charge
recombination
Phenethylamine iodid{¢ FTO/ 6.3 Retained 8.60 molar Retained | air,  light | better  contac{ %2
(PEAI) C-TiOz/ m-TiOz / mp- ZrOz / ~77% PCE ratio of | 90% PCE| 100mw/cni, | with TiO2,
CHsNH3sPbk/ Carbon after 80 days PEAI longer exciton
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:MAI = | after 80 lifetime  Good
1:20 days quality of
perovskite film
Hexylamine Glass/ITO/PEDOT:PSS/ 14.37 Retained 15.70 | 0.05 wt% | Retained Un- Increases grain 33
Hydrochloride CHsNH3Pbk/PCBM/BCP/Ag 43% PCE ~85% PCE| encapsulated, size and
(2-HH) from initial from initial | ,  ambient,| passivate
after 16 days after 16| RT, air, | defects, NH*
days RH=10-20% | group could
1,6-Diaminohexane 17.00 Retained form N-Hé I
Dihydrochloride (1,6 90% PCE hydrogen
DD) from initial bond with
after 16 the F of the
days [Pble]*
passivating
iAOD vV a
hydrophobic
hexane alkyl
chain  protects
against moisture
phenylhydrazinium FTO/PEDOT:PSS/ 14.63 a) Retained 17.2 10 a) Retained| a) Pbk and PHAI| 3
iodide (PHAI) CHsNHsPbk/PCBM/Rhoda ~53 % PCE mg/mL ~90 % PCE| unencapsulatl complex/interme
mine/Ag after 60 days after 60| ed, N, dark, | diate formation
b) died in 20 days RH=20% | results in
days b) Retained| T=2 6 e | passivation
~85 % PCE| b) against vacancy
after 20| (unencapsulg defects
days ted) , | Hydrophobic
ambient phenyl rings acts
room barrier against
environment | moisture
(dark) at
30N5% RH
and 24N2
AcC
Amphiphilic hexadecyl| Glass/FTOTiO2/ 17.05 Retained 70 18.03 | 10mg Retained Non- Improved 38
trimethyl  ammonium| CHsNHsPbk /Spiro/Au % PCE after CTMAB | 95 % PCE| encapsulated| crystallinity and
bromide(CTMAB) 40 days in 1 mi ,  RH~40%,| morphology
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DMSO. after 40| T=25¢eC
Used 20| days dark
uL of this
to add in
1 ml
precursor
ethylammonium Glass/FTO/€TiO2/meso6 17.35 Retained 20.3 2.5% Retained encapsulated| Improves 39
chloride (EACI) TiO2/ CHsNHsPbl/HTL/Au ~30% of the molar % | ~89%  of morphology,
original the original grain boundary|
PCE after PCE after passivation
1000 h 1000 h
1,3-diaminoguanidine | Glass/ 19.1 Retained 20.3 0.6%, Retained Non- Increased grair] %°
monohydrochloride ITO/PolyTPD/ 70% PCE wt% of | 80% PCE| encapsulated size, reduced
(DAGCI) CHsNH3sPbk/PCs1BM/ZrAca after 20 days MAI after 20|, ambient,| trap density,
c/Ag days RH~50% DAG cation can
bond with I via
hydrogen
methoxyammonium FTO)/compaciTiO2 17.15 N/A 19.71 | Pbk/Me | N/A N/A Improvement in| 4
chloride layer/mesoporou3iOz layer/ OcCl Grain size and
(MeOCl) CHsNHsPbk /spiro- molar crystallinity
MeOTAD)/Ag ratio
=1:0.10
2,2,2- Glass/ITO/PEDOT:PSS/ N/A N/A 4.98 molar N/A N/A Compact smooth 42
trifluoroethylamine CHsNHsPbk/PCBM/AI ratio of high quality film
hydrochloride additive
(TFEACI) MAI
Pbk =
benzenamine 11.07 | 0.4:11:1
hydrochloride
(BACI)
3-chloropropylamine 8.21
hydrochloride
(3-CPACI)
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diethylamine 9.89
hydrochloride (DEACI)
4- FTO/GTiO2/mp-TiO2/ 18.83 (@) Deadin6| 17.61 | 1mol% | (a) (@ ATM | phenylethylamin| 5°
ethylamine CHsNH3sPbk/Spiro/Ag h Remained | condition, e group protects
Phenylphosphate (b) 90% from| RH=80%, against moisture
disodium salt (EAPP) Remained initial PCE | un- and  improves
60% from after 12 h | encapsulated ambient
initial PCE (a) , (b) inert, N, | stability,
after 100 h Remained | un- phosphate
~99% from| encapsulated| sodium prevents
initial PCE | , the formation of
after 100 h (CHaNH3)4Pble.
H-0,
4,4bipyridine Glass/ CHNHzPbls N/A Died in | N/A 5wt % Remained | inert, un | Forms complex *
~900 h active for| encapsulated with Pbk thus| (Ou
1400 h , 7080 mW/ | slows down the r
cm?50-60 C | formation  of | wor
metallic lead k)
poly  4vinylpyridine | FTO/TiO2/ 6.09 Remained | 13.07 | 0.4 wit% | Remained | Air, 50%RH, | inhibits carrier| &
(PVP) CHsNHsPbk/Spiro/Au 1.55% PCE 6.6 % PCE| non recombination,
as of final as of final| encapsulated reduced defects
PCE PCE
(absolute (absolute
value) after value) after
3 weeks 3 weeks.
Polyvinylcarbazole ITO/PTAA/ 174 Died in| 18.7 1 mass% | Retained light power | Defect 45
(PVC) CHsNHsPbk/PCBM/AI 1500 h ~70% of| of 5| passivation due
the initial | mW/cn?, the | to interaction
efficiency | temperature | with lone pair of
after light| of 65 N| electrons from N
soaking for| inert atom with PB*
1500 h, nitrogen,
pyridine-functionalized | ITO/TiO2/ CHsNHsPbk | 17.61 Retained 19.82 | 0.13 wt| Retained 25 Enlarged grain| 46
fullerene derivative| /SpircOMeTAD/Au 70% PCE % 90% PCE| RH=30%, size, improved
(C60-PYP) after 30 days| after 30| dark, non crystallization,
days interaction b/w

N atom of the
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Encapsulatio

pyridine moiety

n, mpptn/a, | within C60-PyP
uv-filter-n/a | and PB* ion
within  MAPDI3
leads to the
passivation  of]
trap states ol
perovskite layer,
hydrophobic
nature of C60
PyP  molecule
increases
ambient stability
pyridine-2-carboxylic | ITO/P3CTN / CHsNHsPbk/ | 18.86 (a) Retained| 19.96 | 4mg (a)Retained| ( a) 90 Controlled 47
lead salt (PbPyA2) (PCBM)/Gsd/ (BCP)/Ag 20% of mLT 1 | 80% 40i 60%, crystallization,
PCE after PCE after| dark, not| passivation  of
480 h 480 h (b)| encapsulated| grain
(b) retained retained ,  (b)MPR | bowundaries, the
20% of PCE 93% of | tracking, interaction of
after 540 h initial PCE | non pyridine and
(c) retained after 540 h | encapsulated| carboxylate to
30% of PCE (c) retained| , white light | cations increase
from initial 90% PCE| 100mW/cni, | hydrophobicity
after 480h from initial | inert, 25C,
after 480h | (c) Air, non

encapsulated

, dark,

RH 40 60%
polyvinylpyrrolidone Ito/SnG/ 15.33 Retained 15.19 | 1 mg mL | Retained encapsulated Lewis base, thg 3°
(PVP) CHsNH3Pbk/Spiro/Au 76% from 1 80% of the| , Ambient, | pyridine part

initial PCE initial PCE | RH-10%, (side chain) of]
after 400 h after 60| RT, the PVP
days polymer, can

passivate the
surface defects
caused by
misaligned lead
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ions and can fill
the iodine
vacancy traps or
the surface of the
perovskite film,
c=0 also
stabilizes, allows
not to degrade

2-pyridylthiourea FTO/GTiO2/mp-TiO2/ 155 a)Retained | 18.2 0.5 mg| a)Retained | ambient, N-donor and S| ®
CHsNHsPbk/Spiro/Au only ~10 % mL-1 ~95 % PCE| air, dark donor to
PCE from from initial | a) RH= coordinate with
initial  after after 30| %, dark, RT | Pbh and slow
30 days days b) 6 5| down the
b)Retained~ b)Retained | Rh=30%,dar | formation of
~55 % PCE ~92 % PCE| K, Pbk. improved
from initial from initial morphology,
after 30 days after 30 larger crystal
days size
NMP FTO / ZnGMgO-EA+ 18.0 N/A 19.2 PbL/NM | N/A N/A The same kind of “8
/mesoporoudiO2 / P molar intermediate,
CHsNHsPbk/spircOMeTAD ratios of regardless of
[ Au 1:2 NMP ratio,
results in
excellent
morphology
NMP Glass/ITO/PEDOT:PSS/CH | 1.50 N/A 7.03 60 ¢l NA N/A lewis acid basg #°
NHsPblk/ PGiBM/AI ml interaction
precursor
NEP 10.04 -
CHP 12.87 suppression 0
solvate
formation
NOP 2.79 lewis acidbase
interaction
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DMI FTO/compacfTiOz/ 10.72 N/A 1454 | 10 vol% | N/A N/A Pb-O bond | 62
CHsNH3sPbk/Spiro- in 1 ml formation due to
OMeTAD/Au precursor lewis adduct
between  DMI
and Pb
1-(4-ethenylbenzyl) FTO/GTiO2/mp-TiO2/ 19.2 (a)Retained | 19.5 1 mol% | (a)Retained| (@) MPPT| enables the full 5°
3- CHsNH3Pbk/Spiro/Au 49% PCE 85% PCE|i ner t , | transformation
(3,3,4,4,5,5,6,6,7,7,8,8| from initial from initial | 200mw/cm2, | into precursor,
8- 700 h 700 h un ii)  suppresses
tridecafluorooctylimida (b)Retained (b)Retaine | encapsulated thermal
zolium iodide (ETI) 60% PCE d 80% PCE| , decomposition
from initial from initial pathway and iii)
700 h 700 h (b)RH=40%, | provides
RT, dark,air | outstanding
hydrophobidty
within the
active material
1-methyt3- ITO/PEDOT:PSS/ 15.9 retain ~50%)| 18.2 0.5 mg in| retain 78 %| atmospheric | (1) passivation| 5!
propylimidazolium CHsNHsPbk/PCs:BM/BCP/A of its 1Iml of its | environment,| of the
bromide (MPIB) g. original original RT, uncoordinated
PCE after PCE after Pb2+ to reducs
150 h 150 h the defects in the
perovskite film
due
to the lonepair
electron in its
cation group, ang
(2) beneficial to
promote crystal
growth to
improve film
quality
BMIMBF4 ITO/NiOx / CHsNH3Pbls /Ceo | 18.13 retaining 18.07 | 0.4 mol% | retaining at 85 thermal stability| 52
1-butyl-3- /Ag 30% of their 80% of | un- by effective
tetrafluoroborate initial PCE their initial | encapsulated| suppression of
after thermal PCE after| , perovskite
ageing  of thermal decomposition
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400 h at 85 ageing of
eC 400 h at 85
e C
triazinegraphdiyne ITO/P3CTK/ 17.90 Died in| 20.33 | 2mg/ml | Retain un- interacts  with| 53
(Tra-GD), CHsNH3Pbk/PC61BM/ZnO/ 1100 h above 90%| encapsulated Pb2+ at grain
Al after 1100] , boundaries anq
h passivates graif
boundaries ang
inhibits ion
migration
graphitic carbon| FTO/compact TiO2/ | 18 Retained 46| 21.6 0.1 wt% | Retained Encapsulated Improves grain| 5
nitride(g-CsNa) CHsNHsPbk /Spiro- % PCE after 90% PCE|, 100 | size and
MeOTAD/Au 300 h from initial | mw/cn®, crystallinity
after 500 h passivates graif
boundaries. C=N
to interact with
PB?** that forms
compact  tight
bonding
resulting in good
morphology
graphitic carbon nitride| FTO/ 16. 2] NA 19.34 | 0.4 mg| N/A N/A Passivation | %
(9-CaNa) compact TiO2/ CHsNHsPbk | 0.83 N 0.mL enhanced
/SpiroOMeTAD/MoGOs/Ag crystallinity,
C=N to interact
with P+,
increases the
conductivity
and carrier
mobility
1,8 Glass/ITO/NiOx/ 15.98 Retained 18.13 | 3% Retained un- lodine quencher| ¢
Diazabicyclo[5.4.0]und| CHsNHsPbk/PCBM/PEI/Ag 50% PCE weight 80% PCE| encapsulated adduct withPbk
ec7-ene (DBU) from initial ratio from initial | , inert (\;) | (C=N interaction
after 10 days| after 10| mpp tracking| with P,
days reduced defects
high-quality

perovskite film

46




acetamidine salt (AcHc| ITO/TiO2/ CHsNHsPbk | 15.45 N/A 16.54 | Molar N/A N/A smooth film, full | 63
/SpiroOMeTAD/Au ratios of and uniform
MAI and coverage, large
AaHc =1 grain size,
:0.08 improve carrier
lifetime,
SpiroOMeTAD FTO/ Den TiO2mp-TiO2 | 15.52 N/A 17.77 | 0.01 wt| N/A N/A Facilitates 64
/CHsNH3sPbb/spirc- % charge transport
OMeTAD/Au
ACN ITOITIO2/ CHsNHsPbk | 1 5. 0 { Remained | 19.7 Molar Remained | 100 morphology 57
/Spiro-OMeTAD/Au 48 ~20 % of ratio of | ~60 % PCE| mWL ¢?m | enhancement
initial PCE ACN: after 150 h | RH= 60%
after 150 h PbkL is 90% , in air
0.5 without

encapusulati
on

RH= relative humidity
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2.1.2 O donor atombased additives

Additives containingan O atom as Lewis base may consisvafious functional groups such

as carbonyls, carboxyl, carboxylates, ester, ethers, alcéhols
2.1.2.1 Carbonyl and amide additives

One ofthe systematically investigated additaves urea. Urea is an edaendly compound
consisting of a carbonyl group known to interact viAth ©. It has been illustrated thRbb

and urea forms an intermedidbb.O=C(NH)> when added to thebk precursor solution in
the doublestep spin coating process. The oxygen atoms act@wis basewhereas P acts
asalewis acid, resulting in the formation al_.ewis acidbaseadduct. This adduct formation
further results in large, flat graimesulting in a smooth film morpholod¥. Similar results
were observed for the singdtep spin coating processsulting in grain boundary passivation,
improved crystalline film and suppressed nroadiative recombination losses, further
improving the efficiency of solar cell®’. Moreover it was shown that incorporating amides
in MAPbI; changeshe Fermi level by interactingith lodinedefect vacandgite, reducinghe
density oftrap sites and increasing the work function of MARi®Erovskite helping voltage
gain At the same time, the carbonyl group transfers electrons to perovskite, reducing the Fermi
level, which in turn helps to achieve better charge transport progériRecently theaddition

of biuret(a variant of ureajp MAPbIz precursoiscribedthe intermediate formation withbhk

to the electron delocalization in the@&O-N system in the presence of carbonyl group and
explained thecause ofpeak shift for C=0 vibration in FTIR spectra. (ime case of biuret
modified MAPbE film from 1722 to 1713 cr¥) °°. Some other additives such as benzoquinone
(BQ), triazine perylene diimide (TPDI), 3dlhydroxybenzhydrazide (DOBD), benzamidine
hydrochloride (BMCI) containing the carbonyl group haeeealed similar properties’® 74,
Likewise it was alsopresentedhat if a hydrophobic ring is attached within the additive
framework in combination with the carbonyl grougatin-Cl additive) it also acts as a shield
against humidity in ambient cditions, helping to maintain the PCE nearly to 95 % of the
initial state’. Besides, the usage of the carbonyl group can also be expanded to improve the
flexibility of flexible, printable solar cells (FPSC). Polycaprolactone (PCL) additive in
MAPDbIz has shown desirable improvement in PCE as well as mechanical stréhgith.

improvement in mechanical stability was ascribed to aftha increase in grain size (from
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200 nm to 400 nm) and homogenous grain distribution, leading to improved mechanical
stability that maintained PCE more than 90 % of the initial state after 300 cycles for the radius

from 20 mm to 4 mm and stability under illumination for 356.h
2.1.2.2 Sulphonyl additives

Furthermore, carboridased additives are often compared with the sulpHoaséd group,
where the O atom is connected to different species, (i.e. S atom instead of C atom). Fang and
co-workers have done one such study in which the strength of Pb coordination of sulphonyl
group containing additive was compared with carbdragded additive. To do so, two novel
fused ring norfullerene acceptor materials IDIEh and IDIGTh were introducednto
MAPDIs. IDIC-Th had the Lewis base functional group carbd@#O), and IDISTh had a
sulfonyl group (O=S=0). Since the sulfonyl group (0=S=0) is a stronger elewittwirawing

group compared with carbonyl (C=0), the sulfonyl group was predictédve a stronger
interaction with Pb ions than carbonyl (C=0) because the two suipiygen double bonds

can chelate PHwith stronger interaction. Besides, it was noticed that replacing carbonyl with

a sulfonyl group can effectively downshift the lowestoccupied molecular orbital (LUMO)

level of IDISTh, which indicated the sulfonyl group is a stronger eleetvithdrawing group.

Thus, the interaction with Pb would reduce the defect traps density. Further, to confirm the
defect passivation effect of IB{Th and IDISTh, the trap densities &) in bulk MAPbk
films were calcul atedcmdadd f ¢ 1° B réspectivelg. 8. 85
Undoubtedly, the sulphonyl group reduced the defect states. This further reflected
improvements in the cont@angles of the film Which signifies an improvement in
hydrophobicity of the films). The improvement in hydrophobicity indicated that the additive
molecules at the GBs and surface could inhibit the raid of moisture to MAIRKH /prevent
moisture from pnetrating MAPKI film . Although, both IDIGTh and IDISTh are known for

their hydrophobic nature. Nevertheless, these changes rdtlgber improvement in
hydrophobic nature. Besides, the influence of the two molecules on photovoltaic performance
was aso examined. The PSC with IBT& molecule showed significant improvement in PCE
and reached up to 20.01%. To add on, due to the strong passivation effect-oh|IRSC

with IDIS-Th demonstrated superior stability over PSC with HJIC in ambient condions

under solar radiation and in the dark at high temperatukékewise, a comparison of solvent
additiveshexamethyl phosphoric triamide (HMPAnd dimethyl sulphoxide (DMSO) were
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made, which was further compared to solvent additive NMe&tpyrrolidone (NMP) Here,
Lewis basicity, donor number ([, and boiling point of solvents were utilised as comparison
parameters to correlate the role olvents in regulating morphologyhis investigation done

by Cao and Wei cavorkershighlightedthat thelarger the donor number, the stronger is the
Lewis basicity of the solvent additive. The donor number of DMF, NM&¥pyrrolidone
(NMP), dimethyl syphoxide (DMSO), and hexamethyl phosphoric triamide (HMPA) are 26.6,
27.3, 29.8, and 38.8, respectively. Therefore, it was suggestethéfal-O bond strength
would increase with an increase in the donor number of addftfeHence, NMP, DMSO
and HMPA have been expected to form stronger intermediates over pure DMF. In addition,

is also observed th#te strong Lewis base additives exhibit higher boiling poifitse poiling

point of DMF, NMP, DMSO, and HMPA %fY4YThis, 152,

in turn, reduces the evaporation rate of the solvent during thesaiimg process, resulting in

a good film morphology. As a result, DMSO followed by NMP cosolvents displayed excellent
PCE of 14.66% and 16.17% oveaigtine DMF(12.25%). As no residue &bkremainegdand
complete conversion into perovik resulted in less resistané& Further, other solvent
additives based on O donor atoms, such as tetramethylene sulfone EPMS)d
tetrahydrothiophene oxide (THTO), also utilized a similar mechanism of forthaBb-O

bond and improved performance and stabffityThe chemical structure anihfluence of
amides/carbonyl and klnonyl group based additives tivestability ofthe MAPDIz layer have

been presented Figure A0.4, Appendix 0 antlable 2respectively
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Table 2 A summary of additives containing Amides/carbonyls/sulphonyl functional group in MAPb4 active layer3®

days

efficiency after 12

day

encapsulated ,

and interacted with

uncoordinated P,

Additive in | architecture PCE, % | Stability PCE, % | amount Stability Stability Role of additive Ref
active layer (Pristine) | (Pristine) (with of additive with conditions
additive) additive
Urea Glass/ITO/PEDOT:PSS/ 15.1 Retained ~35% 17 molar ratio of| Retained ~60% Light, interaction of carbonyl group g 6°
CHsNH3sPbk /PCMB/BCP/AI from original PCE the urea: lead from original PCE| 100mW/cn3, urea with Pbk results in
after2 h acetate = after 2 h 506 0 e C, crystalline film , resulting
0.5 unencapsulated passivation and improvement
stability
Urea ITO/PEDOT:PSPRbL/MAI/P | 12.75 N/A 18.01 5wt% ,wt%| NA N/A double step spin coating, Urq %
CBM/BPhen/Ag of Pbk and Pbk together form
Pbk.O=C(NH)2
complex/intermediate, resultin
big flat grains
Urea ITO/SNG/ CHsNHsPbk | 16.80 a) Retained 10 % 18.5 4 mol% a) Remained 12 % mppt tracking | adduct formation, 67
/Spiro/Ag PCE as of final PCE as of final| a) dark, | high crystallinity, good film,
PCE after ~27 days PCE after ~27 ambient, suppress ncenadiative
b) retained nearly days b) 1 sun, irsitu | recombination and passivat
90 % PCE from b) retained nearly grain
initial after 60 mins 100 % PCE from boundaries.
initial after 60
mins
formamide FTO/ (cTiOof 14.26 N/A 15.21 N/A N/A The amide additives shifted tH ©8
(mp-TiO2)/ mesoporous | Fermi
acetamide CHsNHsPblk /ZrO2 layer (mp 15.57 N/A N/A level of the MAPb4 perovskite
urea Zr0y) / 15.07 N/A N/A from 14.36 eV
. carbon electrode 14. 65, and
Thiourea N/A 16.2 0.5 vol% N/A N/A respectively forl. formamide,2.
Acetamide, and 3. urea a
suppressed neradiative
recombination. Reduced iodid
defects vacancy
Biuret FTOITIO2/ 18.26 maintains 21.16 2 mol% preserves 94% o| 8 5 A G, inert, | Increased grain size, reduced t ©°
CHsNH3sPbk/PCBM/Ag ~50%PCE after 17 its initial | non state, additive acts as Lewis ba
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improves the thermal stability

benzoquinone | ITO /PEDOT:PSS| 10.7 Remained ~50% 15.6 0.5 mol% Remained ~80% unencapsulated reduces trap density 70
(BQ) /CHsNH3Pbk / PCE from initial PCE from initid | , 1 sun, oper
C60 /BCP/Au after 900 h after 1000 h circuit, without
uv-filter
benzoquinone | FTOITiO2/ CHsNHsPblz | 17.37 (a) Dea in 1200 h | 18.01 0.25% (a)Retained 75 % un- Improves crystal quality| *
(BQ) /SpiroOMeTAD/Au (b)Dead in ~800 h PCE from initial | encapsulated, | passivate grain boundary, redu
after 2400 h without uw | trap states, suppressPbk
(b) Retained ~3(Q filter formation at GB
% PCE from| (a) RH (~20%,
initial after 1200 h| RT,
(b) ambient air,
RH (40%70%,
RT)
triazine ITO/PEDOT:PSS/ 8.32 Retained 30% from| 10.84 1.2 mg/mL Retained 60% Non- minimize grain boundary defec{ 72
perylene CHsNH3sPbls initial PCE after from initial PCE| encapsulated, | and enhance the coverage 4
diimide (TPDI) | /PC61BM /Ag 400h after 400h ambient, crystal grain sizes
3,4 ITO/PEDOT:PS$% 14.47 Retained 70%PCEH 17.58 3 mg/mL Retained Non- increases grain size &
Dihydroxybenz | CHsNHsPbk/Cs o /BCP/Al from initial after 35 85%PCE  from| encapsulated, | and decrease of grain boundari
hydrazide days initial after 35| inert, dark, both of which facilitate charge
(DOBD) days transportation and  suppre
charge recombination, due
Lewis acidbase interactior
between PH and C=0
BMCI, (ITO/TiO2/PGs1BM/ 17.8 N/A 18.4 N/A N/A N/A enhance work function o 7
benzamidine | CHsNHsPbk/PTAA/MoOs/Ag perovskite  film  improving
hydrochloride efficiency
Isatin-Cl ITO/PTAA:FATCNQ/ 1813 a) Retained 60 9% 20.18 0.0001 wt% | a) Retained 95 % un- The carbonyl groups an| 7
CHsNHsPblk/ PCBM/ Al PCE from initial PCE from initial | encapsulated, | hydrogenbond structures
after 350 h. after 350 h. a)in  ambient| on IsatinCl passivate the defeg
b)Retained 30 % b)Retained 75 % air, RH=45% ,| states in the perovskite
PCE from initial PCE from initial| room grain boundaries and improy
after 24 h after 24 h temperature, charge transport, suppress chal

b) in nitrogen
atmosphere a
85
temperature,

recombination, hydropHmic ring
attached to Isath€l improves
stability against humidity.
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polycaprolacto | glass or PET/ITO/PEDOT:PSY 10.52 Retained 32 % o| 14.49 0.025 wt% Retained90 % of | mechanical carbonyl (C=0) and Pb bond | 7®
ne (PCL) CHsNH3Pbk/PC61BM/BCP/A initial PCE (10.12 initial PCE (10.12| bending helps the uniform coverage (
g %) after 300 %) after 300| stability perovskite, which avoids th
bending cycles bending cycle defects and achieve the grg
boundary regulation on flexibl
PSC
IDIS-Th ITO/P3CTN/ 17.78 (a)Retained 50% 20.1 0.05mg mk1 | (a)Retained 80% (a)100 mW | Passivate grain boundary, redu| 7’
CHsNH3Pb/PC61BM/Bphen/ from initial PCE from initial PCE| cmi?, ambient,| charge recombination, addu
Ag after 300h after 300 h RH=30%, non | between additive and unds
(b) Retained 78% (b) Retainedd5% | encapsulated, | coordinated
from initial PCE from initial PCE| (b) 85C, inert,| Pbions can effectively inhibit io
after 200 h after 200 h dark, migration al
IDIC-Th 18.78 (a)Retained 809 moisture diffusion to enhance th
from initial PCE stability of PSC devices
after 300 h
(b) Retained 78%
from initial PCE
after 200 h
NMP FTOITiO2/PbkL/MAI/Spiro- 12.25 Died after 14 days | 14.66 30% NMP in| N/A 82
OMeTAD /Au 1 ml precursor
DMSO 16.17 20% DMSO/| Retained 66 94 in air morphology control based on
in 1 ml | PCE from initial Lewis basicity based, Dong
precursor after 14 days number and boiling point
HMPA 12.06 5% HMPA N/A
tetramethylene | FTO/bFTiO2/mp-TiO2/ 8.7 Retained ~70% 16.2 molar  ratio| Retained 80% RT, RH10 | Intermediate phase via cres| 8
sulfone (TMS) | CHsNHsPbl/Spiro/Au from initial PCE =Pbk :MAI | from initial PCE| 40%, un| linking. Pbk act as Lewis acig
after30 days :TMS (2:2:1) | after30 days encapsulated, | TMS with S=O group acts 4
dark Lewis base.
tetrahydrothiop| ITO/PEDOT:PSS/ N/A N/A 121 the molar ratio| N/A N/A additive alters the nucleation ar| 8
hene oxide| CHsNHsPbkL/PCBM/A of THTO to growth processes, lowered th
(THTO), Pb (31 free energy of the precursor |
THTO: Pb) incorporating a sulfoxide (S=0

which

strongly interacts with MAPBI
precursors, allowing a
unprecedented degree of cont
over the

nucleation density and growt

rate.
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2.1.2.3Carboxylic /acid additives

Besides, acids additives have also been incorporated in the MARimursor. The most
commonly reported acid additive isabnino valeric acid \VA). Dauskardt and ceovorkers

showed that the introduction of/VA into MAPDbI3 precursor could be helpful to increase the
mechanical robustness of the perovskite film. Td tee mechanical reliability double
cantilever beam method was used, and the cohesion energy (Gc) was calculated from the
critical load at which the film created cracks. It was observed that the incorporation of 5%
concentration of AVA into MAPblzsprecus or i ncreased cohesion enc¢
027 JM (pristine) t dWwith ADMAdditia) dirdost By Idold. This
improvement in Gc with-8\VA was attributed to enhanced interaction forces due to the longer
alkyl chains present in the/AV A 8. Additionally, a further increase in plasticity and crack
deflection around the additiv@ntaining perovskite grain bouaides was observed. Later, the
elastic moduli of MAPK] perovskite films with BAVA showed a slight decrease in the elastic
modulus from 20.5 GPa (pristine) to 18.9 GPaAWRA) (using the Nanoindentation method).

This decrease in stiffness of the planaopskite structure made it more mechanically robust

and less brittle. Also, it was confirmed that adding 5 AVA in MARtrecursor does not
change MAPH] lattice parameter®. Simultaneously, another study done by Durrant and the
group reported enhanced photostability of MAFuallar cells due to surface defect passivation

in screen printed, HTM free, carbon electrode based RB€isting of 5 AVA in MAPK.

They found a 48old increase in device lifetime measured under full sun illumination in
ambient air (RHN 15%). Further, it was propo
thus able to passivate surface defect siesylting in enhanced resistivity to oxygenluced
degradatior¥®. The impressive improvement in the stability due to AVA additive is attributed

to the interaction of halides withCOOH and NH' group, through hydrogen bonding H&

---1) and (NH----1)] and also been further verified in the large area cell with an area of 0.25
cn? that demonstrated the efficiency of 6.6% with a decent shelf life of 75 days, maintaining
morethan 90% of initial efficiency’. Later, using polyacrylic acid (PAA), Cao and workers
alsodemonstrated that acid additives could be useful for large area?(ffilens using the

doctor blade method. Using the carboxyl functional groups of PAA, iodide ion vacancies at the
perovskite crystal surface could be crbeked. Thus the interaction die PAA molecule with

MAPbDI; passivates defects and improves PCE and stasility addition,it was demonstrated
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that bifacial passivation could also be obtained by the interaction of a functional greup of
COOH, combined withC,-S (ofthioctic acid (TA)) Lewis acidbase reaction between under
coordinated PH and S atom in MAPhkIcan passivate orside, and at the same time, Fi€n
interact with COOH through hydrogen bonding, resulting in dealded passivatior®.
Likewise, various studies reported that if multiff €OOH groups are attached with
hydrophobic phenyl ring it can chelate with P¥ atom and act as a shield against moisture
and humidity under ambient conditions, maintaining the overall crystallinityfiliof
Terephthalic acid (TPA) and trimesic acid (TMA) are examples. The proposed mechanism of
stability in such a case is given as follows: negatively charged groG@s]) strongly attract
PI?*ions in the precursor solution via electrostatic interastigi the same time, the hydrogen
atom from carboxylic acid can bond covalently vitie halide anion irthe solution due to the
strong electronegativity of halide ions. Thus, it overall suppresses the loss of iodine molecules
and, in turn, slows down tliecomposition of MAPRIlight absorbing layer. Simultaneously,
benzene ring wibbndigffilety dods not allow to
against thermal stress and tlWimination in ambient condition®% Similar effects were
observed when 3,38,50-azobenzengetracarboxylic acid (H4abtc) containing two benzene
rings connected via azo bonding is introduce®lip precursor in optimum amount (2 mass

%). Although the purpose of using the azo group was to reduce the stiffness of the perovskite
film 92, due to the hydrophobic nature of attached cation in thecacithining additivemost

of themalsoincrease ambient stability. Further details of dwaded additives in MRbk are
provided in Table 3 belowThe chemical structures of acid additives are shown in Figure
A0.5, Appendix 0.
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Table 3 A summary of acid additives for MAPDbIs active layer>®

Additive in | architecture PCE, % | Stability PCE, % | amount Stability Stability Role of additive Ref
active layer (Pristine) | (Pristine) (with of additive with conditions
additive) additive
5-aminovaleric | ITO/ Ced CHsNHsPbk | 15.4 N/A 13.7 5% wt N/A N/A Larger grain size, improved crystallinity 8
acid (5AVA) /PTAA /Au improved mechanical robustness
amino valeric| FTO/compact 111 Died in 110 h 9.1 3% molar| Retained 50 9% RH =15%, 1| AVA located at grain boundaries is 86
acid TiO2/mesoporous ratio o PCE from initial | Sun, nor | able to passivate surface defect sit
AVA TiO2/mesoporous AVA: MAI after 110 h encapsulated, resulting in enhanced resistivity
ZrOz/mesoporous carbon to oxygeninduced degradation.
5-ammonium | FTO/TiO2/ CHsNHsPbls/ | N/A N/A 6.68 0.072M  of | 5.62 % PCE as o] Ambient, Big area 0.25cA) lower charge transpol &
valeric acid| ZrOz/Carbon AVAI final PCE after 75 resistance
iodide & days
AVAI)
aminovaleric | TiO2 1ZrOof | ~7 N/A ~9 AVA: Pbb= 3 | N/A N/A Controls ion migration 93
acid iodide | CHsNHsPblk/Spiro/Au mol%
(AVA)
Poly(acrylic FTO/ 10.3 Retained 60% 14.9 5 mg/mL Retained 80% RT, air, | Using the doctor blade method, a smoq &
acid) PAA NiOx:Zn/ CHsNHsPbk/ from initial PCE from initial PCE| ambient,RH~30 | uniform, and pidhole free film of high
(PGs1BM)/bathocuproine after 24 days after 24 days N5 %, - | electronic quality, passivate defects, lar
(BCP)/Ag encapsulated, area devices (1cih
aminopropanoi| ITO/PTAA/CHsNHsPbly/ | 17.51 6% as of PCH 19.23 weight ratio of| 13% as of PCH Un- Smaller grain size, smooth surface, suppr %
c acid (APPA) | PG:1BM/BCP/Ag, after 90 days MAI:APPA= | after90 days encapsulated, nonradiative charge recombinatio
0.56 RH-10%, resulting in enhanceddand Voc
thioctic  acid| FTOYcompact TiOz2 (c- | 17.4 a) Died after 180 20.4 20 mg/ml a) retains 98% ol a) under UV| carboxylic acid moieties 89
(TA) TiO2)/TiO2-Poly(TA)/ mins its original PCE| irradiation time| BindsTiO2 surface
CHsNH3sPbk/Spiro- b) a) Died after after 450 min (35.8 mW cm? | Then fivemembered ringontaining
OMeTAD/Au 400 h b) 97 % PCE aftel ). the dynamic covalent disulfide is bonded
c) n/a 2100 h b air theother end of
c)retained 92 % RH%), the molecule through the thermialtiated
PCE from initial | light/darkn/a, ring-opening and interacts with Pb
after 600 h tempn/a, , forming highquality perovskite film
c)mpptyes, due to the Lewis acibase reaction betwee
inert,1.5 AMG S and PP Extra passivation ofiO2 helps

for efficient charge extraction andabitlity
under UV illumination and ambier
conditions
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terephthalic FTO/compacfTiO2/ 115 a)retained 81% 1 4 . ] 8 mg/mL a)retained  94% a) un | (1COQO) from TPA can strongly attract Pb|
acid (TPA) CHsNH3sPblks /Carbon| NO . 6 7 PCE from initial | 0 PCE from initial | encapsulated, ions
layer after 21 days after 21 days air, RH= 35%,| crosslinking additive within perovskite
25eC, a | resulting in compact, dense improv
b) ~6 % PCE ag b) 10.7 % PCE ag dark, morphology.,
of final PCE of final PCE afterf b)) 6 0 e C the rigidity of the phenyl skeleton allow
after 700 h 700 h c) 365 nm UV| moisture and thermal resistance
illumination
c)retained 79% c)retained  909% with an intensity
PCE from initial PCE from initial | of 250 mW cn¥
after 40 mins after 40 mins (equivalent to 56
suns equivalen
of UV light
below 400 nm in
wavelength
trimesic  &id | FTO/TiO2/CHzNH3sPblk/ 14.27 (a)retained 49% 17.21 1.0 mol L1 | (a)retained 49% (a) 100C, air,| maintains stability, (TMA with a o1
(TMA) SpiroOMeTAD /Ag from initial PCE Pblk from initial PCE| ambient, dark, benzene ring and three carboxyl group
after 10h precursor after 10 h non The strong hydrogen bond
(b)retained 46% solution (b)retained 7194 encapsulated, | between the hydroxyl group and ioditte
from initial PCE from initial PCE | (b)RT, air, | suppress the loss of iodide ion, prevent
after 20 days after 20 days Rh~30%, dark, the perovskite from  decomposin
non Moreover, the benzene ring with rigidity ar
encapsulated, |t he” "bond effect,
alkyl chains further protects the perovsk
from reacting with water
3,355 FTO[MiO2 CHsNHsPbk | 14.25 a)remained nd 17.67 2.0% (mass a)remained 61% a ) 1 0 0 ¢ C | High-quality perovskite film, H4abtc 92
azobenzene /Spiro/Au 25% after 20 h ratio with | after 20 h encapsulation in can passivate grain boundaries by reac
tetracarboxylic respect td*bk air 100 mW cm | with the lead cation, therefore leading
acid b) e retained b) retained 84% o] 2 (AM 1.5), good thermal stability andntimoisture of
(H(4)abtc) 66% of its initial its initial PCE| b) RT, | perovskite films due to rigidity of th
PCE after 30 d after 30 d RH=30%withou | benzene ring and azo bond
t encapsulation.
4- FTO/bETIOZ/mp-TiO2/ 14.05 N/A 17.58 6 mg/mL N/A N/A Improved performance, reduced hysteri| ®°
methylbenzene| CHsNHsPbl /Spiro- improve 3V characteristics, the sulfoni
sulfonic  acid| OMeTAD/Au. group is chemicallypponded to
(4- mp-TiO2 and phenyl backbone has-
MSA) conjugated structure. Jsc ane:df 4-MSA

doped PSC are enhanced.
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2.1.2.4Carboxylate/acetate additives

In a similar fashion, the acetates in the form of additives also show improvement in crystallinity
and grain size, passivating the grain boundaries. One of the examples is formamidine acetate
salt (FAAC). Itis reported that FAAc controls the film morphglpoof MAPbI; film and
improves fill -factor over 80%,improving PCE to 16.59%. The improved photovoltaic
parameter was further associated wviittorporatingFAAc that eliminated the defect and trap
density in the MAPhQIfilm and thus improved the chargerisport efficiency and reduced the
hysteresis®. On the contrary,methyl ammonium acetate (MAAc) resulted in lower
crystallinity and a smaller grain size ~200 AmHowever, it was suggested to use MAA
togethe with thiosemicarbazide (TSC) salt in the precursor to overcome lower crystallinity.
This combination of additives (L05% MAAc (molar ratio) and a tiny amount of TSG $86

molar ratio) gave a certified PCE of 19.19% for an aperture area of 1.G2&rdnthe high
performing devices were able to sustain over 80% of the initial PCE after 500 h of thermal
agei ng %aBesidéssabebate additives were also reported to be used as complementary
to halogens. For instanaGanmonium acetate (N#Ac) was found to produce full film coverage

with higher crystallinity. It was speculated that MAC resulted in the formation of
methylamine acetate salt by forming NHbk as an intermediate phase with a volatile by
product NH resulting in a higher nucleation density of grains and full coverage of the surface
Thi s, i n turn, resul ted i n kbi agsheedr  seoflfairc i e
(FTOIO perovskitaem/dCanlyo®)2 % tsnt ept hespithwo coat i
FTODJ CSNHP e/l s pOMeoTAD/ AW i g P Ruithernthe influence of

NHsAc addition was compared with NaAc addAc,. Unfortunately the incorporation of
sodium acetate (NaAc) intihe MAPDI3 precursor reported no improvement in photovoltaic
performance. However, the PCEs were comparable. While compared tacétate (ZnAg

additive, (devices with ZnAg) demonstrated improved fill factor and short circuit current
density over reference cgllresulting in improved PCE from 11.1% to 12.30%. Furthermore,
against the speculation thatZmight partially replace Pidue to the smaller ionic radius, the

small quantity of ZnAg (MAI/ Pbb/ZnAc. (1:1-x:X, x= 7%) was reported to assimilate well
within MAPbI; framework and maintained ~89% of initial PCE after 1900 h when stored in
RH=40%, dark. However, NiAc incorporated devices exhibited ~96% PCE of the initial stage
after1900 h with the same rditions®%1% Later on, lead acetate (PhAwasemployed as an
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additive and demonstrated an excellent PCE improvement from 17.25% to 19.07%. It was
further demonstrated that incorporgtiPbAc in precursor creates an intermediate phase by
forming a hydrogen bond due tthe interactionbetween hydrogen frotMA™ and O from

acetate. Thus, this hydrogen bonding acts as a crosslinking agent for the intermediate phase,
which later causasnprovement irintrinsic stability of devices that maintained alm®s%o of

initial PCE till 20 days'®%. A similar mechanism was utilized in anatrstudy where the
addition of barium acetate (BaAchas been explored in MAPbperovskite with a lower
concentration of (mg /mL), which suppressed ion migration and improved thermal stability.
The devices could sustain ~90% PCE of the initial stage akposure to thermal stress at
90eC in the dark in inert condi t% ®hosbywi t hot
employing acetatbased additives, improved stability can be obtained both in ambient and
inert conditions.Most of the acetatdased additives are summarized in Table 4, as shown

below, and their respective chemical structures are presented in Figure A0.6, Appendix 0
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Table 4 Acetate based additives in MAPb4 active layer.>®

Additive in | architecture PCE, % | Stability PCE, % | amount Stability Stability Role of additive Ref
active layer (Pristine) | (Pristine) (with of additive with conditions
additive) additive

formamidine ITO/PEDOT:PSS/ 12.13 (a)n/a 16.59 5 mol% (a) Retained 90 9 inert, un | control 96
acetate sall CHsNHsPbk/PCBM/AI (b)n/a PCE from initial | encapsulated, | flm morphology and crystallinity,
(FAAC) after 30 days improves optical and

(b)16.10 as of electrical properties reduces

final PCE after hysteresis

320s @ (0.87 V)
methylammoni | FTO/NiO/ N/A N/A 19.19 101 15% MAAc | a)Retained 90% a) AM 1.5 light | largearea (aperture area of 1.0257%c| %
um acetatel CHsNHsPblk/PCBM/Ag (molar ratio) PCE from initial | soaking (shokt| using one step solution procedsigh
(MAAc) and 3i 5% TSC| after 1000 h circuit, crystalline quality of film
thio- (molar ratio) b) Retained 80% temperature of
semicarbazide PCE from initial| 425 AC
(TSC), after 500 h RH < 25%),
combined mppt

b)dar k,
RH < 25%
ammonium FTO/TiO2/CH3NH3Pbk/spiro- | 13.82 N/A 17.02 10 wt% N/A N/A Improved film  morphology ang %
acetate OMeTAD/Au increased surface coverage
(NH4Ac,)
ammonium FTO/TiO2/ CHsNHsPbk/carbon| 11.11 Remained 13.9 MAI/Pbk/NHs | Remained 96% Dark, Carbon electrodbased device| 100
acetate devices 60% from Ac from initial PCE| RH=40%, improved crystallinity
CH3COONH: initial PCE (1:1:x=0.08%) | after 1900h
(NH4AC) after 1900h
Zn(CHsCOO} 12.30 MAI/ Remained 89%
(ZnAc2) Pbk/ZnAc: from initial PCE
(1:1-x:x= 7%,) | after 1900h
Lead acetatg Glass/ 17.25 Retained 19.07 3% PbAc | Retained 95% un- PbAc2 additive aids crodimking to | 0%
(PbA) ITO/PTAA/ CHsNHsPbk 80% PCE (molar ratio| PCE from initial | encapsulated, | form a strong hydrogen bond with MA
/PCBM/BCP/Ag from initial with respect to| after 20 days inert, leading to a more

after 20 days

Pbk)

stable perovskite intermediate pha
retardscrystallization process, resultin
perovskite thin films with bette

morphology and larger grains
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barium acetatg ITO/P3CTN/ 18.99 Retained 19.82 2 mg/mL Retained 90 9% Non suppression of ions migration,
(BaAc) CHsNHsPbk/PCs1BM/Cso/BCP only 20% from initial PCE| encapsulated, | high quality perovskite film,
/Ag from initial after400 hours | i ner t , 9| grain boundary passivation
PCE after dark,
400 h

102
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2.1.2.5Ester and ether based additives

Interestingly, phenyC61-butyric acid methyl ester (PCBM), which is commonly employed as

a charge transport layer in orgaimorganic hybrid solar cells, has also been examined as an
additive in the perovskite layer to achieve hole transport materiaVijHee fully printable
MPSC (mesoporous perovskite solar cell). It was shown that when the concentration of PCBM
increasedh theactive layefrom 0 to 0.25 mg/mL, the PCE significantly improved from 8.58%

to 12.36%, achieving a PCE enhancement of muae #4%. This enhancement of PCE was
further ascribed to increasdg from 14.56 mA crif to 20.26 mA crif due to highephoto
generated charge separation and suppressed the charge recombination process. Later, it was
illustrated that the PCBNberovskite ntermediate phase is facilitated due to the formation of
an intermediate adduct withbk and carbonyl groups in PCBM?. Afterwards, Hu et al.
compared PCBM incorporation with onlydZinit and Ceo-Taurine unit in singlestep spinning
coating method in4o-n configuration. It was reported thatog%16.59%), PCBM (15.94%),
Ceo-Ta (16.59%)all improved PCE over pristinfl4.87%), which was consistent with the
previously published report. Further, it was found that the additiorsodr@ its derivatives
decreaseéthe trap densities and exhibited higher stability when exposed to ambierttamndi
RH=2550% without encapsulatiof*

Likewisg investigations have shown that ethers can help passivate grain boundaries on the
perovskite surfackoundary Poly (propyl ene gl ydqREA)andbi s ( z
Jeffamine are some of the examples that showed interaction with Pb ions due to lone pair of
electrors on the oxygertontaining ether part of the additives. Simultaneously, thé éa#ion

from perovskite forms hydrogen bonding with the counterabadditive. Thus the polymer
works as a crostinking agent that decreases trap densities and hysteresis, improving the device
performance and stability.To add on, the crodsking properties can alsomprove the
ductility of perovskite film while s&tching when fabricated on a fible substrate (such as
D2000, &ffamine variation}*>1% Furthermorepsing the mechanism abowathyl cellulose

(EC), a low cost, environmentally friendly, thermally stable and wataiuble compound,

also demonstrated chemical passivation of defect tfdqs, because of the passivation effect

of EC additive, the MAPARI crystal structure remained stable against moisture and air,
maintaining 80 % of PCE when exposedantapsulated to ambient air at RH=45% in the dark

for 30 days'?’. Later on tetraorthosilicate (TEOS) additive in MARbkas also reported to
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lower the cost of processing by making the fabrication process feasible in the air instead of the
glove box, which was found to be valid both for singld dauble step This achievement was

due to the fact that when TEOS is introduced to MARb&ir, SiQ precipitatesat the surface

acting as a passivation for the perovskite surface and shielding it from moisture and air. This
improved the overall stability in ambient conditiolt§ 11°. Further, cyclic ether compound

THF (Tetrahydrofurahwasalso reportedo improve stability in ambient air, which the pieer

of PSCs Miyasaka group investigated. The study demonstrated that THfokand DMF

interact and form complex, resulting in dense, homogenous and pinb®l&lm due to
complex formation between Pb and O donor from THF because of the Lewis acid nature of Pb
and Lewis basicity of THF. This, in turn, avoids a direct interactiola, with water,
improving T80 (T80 is the time after which PSC remain 80% of initial efficiency) for 20 days

in the ambient environment with 50% RH when devices were exposedoapsulated'®.
Further, atable describing estend ether containing additives and their rolé¢h@MAPDbI3

layer is presenteih Table 5.The chemical structures ebter and ether containing additives

discussed above are presented in Figure A0.7, Appendix O.
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Table 5 Ester and Ether based additives for MAPbg and their role.58

Additive in | architecture PCE, % | Stability PCE, % | amount Stability Stability Role of additive Ref
active layer (Pristine) | (Pristine) (with of additive with conditions
additive) additive
[6,6]-phenyt FTO/GTiO2/m- 8.58 N/A 12.36 0.25 mg mk:1 | N/A N/A Improved morphology, intermediaf 1
Ce1-butyric TiO2/mZrOf formation between C=0 of PCBM an
acid methyl| CHsNH3sPblk/m-carbon Pblk
ester
PCBM Glass/ITO/ CHNHsPbl | 13.94 Retained ~9% 15.94 3.5 mg/mL Retained ~129% without improves  crystallinity,  passivatg 104
/PCBM/BPhen/Ag (absolute value) (absolute valueps | encapsulation, | defects, suppress non radiati
as of final PCE of final PCE after| ambient RH= | recombination
after 10 days 10 days 2550% ,
Ceo-Ta 16.46 1.5 mg/ mL Retained ~12%
(absolute valueps
of final PCE after
10 days
Ceo 16.59 0.1 mg/mL Retained ~11%
(absolute valueps
of final PCE after
10 days
Poly(propylene 17.18 maintains ~55% 18.87 1 wt% maintains 95% of dark, ambient Grain boundary passivation, the oxyg| 1%
glycol) bis(2 | FTO/cTiO2/mp-TiO2/ of its original its original PCE|ai r wi t|atom from ether in PEA, acts as
aminopropyl CHsNH3sPblk/Spiro/Au PCE after after30days relative crosslinking agent, reduces trap dens
ether) (PEA) 30days humidity, and hysteresis.
Jeffamine ITO/NiOx/CH3sNH3sPbls 145 Showed major| 16.8 0.05 wt% Retained original 10 cycles of| Defect passivation through lewis aci{ 196
/PCs1BM/BCP/Ag cracks morphology stretching  at| base reaction of N atom and O atom w
30% strain Pb 2* / or interaction of MA and
hydrogen bond of jeffamine decreal
trap density,
enhances the ductility of the perovsk
film to prevent cracking during
stretching.
ethyl cellulose| FTO/cTiO2/ 17.11 Completely died| 19.27 0.1 mg/mL Retained 80% PCE Non i | Hydrogen bonding between EC and M{ 107
(EC) CHsNH3sPblk/Spiro- in 30 days from initial after 30| encapsulated, | passivates defects at the grain bound
OMeTAD/ days dark, Ambient,| reduces hysteresis and improves stabi
MoOs/Ag air, RH=45%,
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tetraethyl TiO2/ 15.96 Retained 73% of 18.38 0.3 mol% Retained 77% of ity Ambient ,| Reduce trap density, improves carr| 1°8
orthosilicate CHsNH3sPbk/Spiro- its initial PCE initial PCE after 28/ 2 5 ¢ C, lifetime
(TEOS) OMeTAD/Ag after 28 days days RH=30%, non
encapsulated,
THF FTO[MiO2 CHsNHsPbk/ | 11.3 Retained 35 9% 15.1 THF: DMF( | Retained 80% RH 50% , un | Complex formation due to lewis aeiq !
SpiroOMeTAD / Au PCE from initial 1:10) viv from initial PCE| encapsulated, | base reaction
after 20 days after 20 days
Diethyl ether | Glass/ITO/NiOx/ 13.28 N/A 15.09 the molar ratio| N/A N/A Grain size improvement 112
CH3NHsPbk/PCBM/BCP/ of 4% with
Ag matrix solvent

65




2.1.2.6 Hydroxyl/alcoholadditives

The Hydroxyl group can also play a vital part in interacting with perovskite through hydrogen
bonding, furtherimproving crystallinity and performance. For example, enhanced PCE and
stability was observed when dibutyl hydroxyl toluene (BHT) additive coimigia phenol

group was mixed in MAPBIprecursor’® Furthermore, methanol and isopropanol showed
larger grain size, reduced grain boundaries, lessened defect density and demonstrated efficient
charge carrier extraction at the interfaces leading to improved PCE stability in ambient
conditions without encapsulation. Similarly, improvement in PCE wasaltsted due to other
hydroxyl based additives such asn2thoxy ethanol (ME), -2thoxyethanol (EE), and-2
propoxy ethanol (PE) and n butartéf 16, A sunmary of alcohobased additives arttheir
influence on the PCE and role with the perovskite framework is described in Tabkg their

respective chemical structures are shown in Figure A0.8, Appendix 0
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Table 6 Alcohol based additives and their role in MAPDb perovskite framework.>8

days

mpptn/a,
filter-n/a,

Uv

Additive architecture PCE, % | Stability PCE, % amount Stability Stability Role of additive Ref
in active (Pristine) | (Pristine) (with of additive with conditions
layer additive) additive
dibutylny | ITO/ PEDOT: PSS/ 17.1 Retained 85% | 18.1 0.02 M Retained 93% of 100 mW cm? , | intermolecular hydrogen| 13
droxytolu | CHsNHsPbls/ from initial initial PCE after| RT, non | bonds between the MA
ene (BHT) | PG1BM/ZnO/Al PCE after 180 180 min encapsulated, and 1 OH gr
min RH<5% BHT
Additive improves film
crystallinity, reducing the
subEg states and carrief
traps,
methanol | FTO/TiO2 CHsNHzPblk/ | 16.53 Retained 409 19.51 5 vol% Retained 90% fron] Dark, ambient,| morphology 114
SpiroOMeTAD /Au from initial initial PCE after 30| nonencapsulated, control/enhancement
PCE after 30 days
days
2- ITO/ZnO/ CHNHsPbk | 14.2 N/A 16.7 300l t ol N/A N/A two-step  interdiffusion| 116
methoxet | /Spiro- MAI solution protocol to prepare pin
hanol ME | OMeTAD/MoOx/Ag hole free perovskite
2- 13.2 films, glycol ethers
ethoxyeth changes the lead iodide
anol perovskite
(EE), conversion dynamics an
2- 15.1 enhances PCE resultin
propoxyet in more compact
hanol (PE) polycrystalline films, and
it creates micrometer
sized perovskite crystal
vertically-aligned
across the photoactiv
layer
isopropan | FTO/compaciTiO2/ 16.02 Retained 40 9% 19.70 precursor: IPA| Retained 85 % PCH un-encapsulated, | morphology 15
ol (IPA) CHsNHsPblk /Spiro- PCE from volume ratio =| from initial after 40| air, ambient , RT, enhancement/control
OMeTAD/Au initial after 40 4:1 days dark/lightn/a,
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n-butanol

FTO/CT-102/mp-TiO2/
CHsNH3sPbk/Spiro-
OMeTAD /Ag

13.8

N/A

155

5.0 v% for 1 mi
precursor

N/A

N/A

morphology enhancment

117
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2.1.2.7 Oxygen based multifunctional group containing additives

Other than these additives, other oxygen abased additives with multiple functional groups
consistingof C=0, COOH and OH are also employed in the MAPRbecursor. One example

is reduced graphene oxide (rGO), which was used to achieve fast electron transport rates toward
theanodeandthe growth of large, uniform, smooth aaystalline perovskite film, resulting

in a massive improvement in device penfiance from 13.6% to 20948 Another example
includesPoly (amic acid) (PAA) and poaiyide (PI) additive. However, the PAA and PI
additives also consisted of N atgmther than C=0, COOH and OH functional grodje O

atoms in PAA and PI form hydrogen bonds with H atoms iN¢*. The lone pair of
electrons of N atoms interact with FAbns, which stabilized the PVSK framework.
Furthermore, these interactions improved the optoelectronic properties of the perovskite layer.
As a result, an increment in the grain size was observed when 0.0497 mg/mtdrinéd
perovskite was employed, illusr at i ng t he Lewis acidibé&se int.
that controls the crystallization process and defects passivation of PVSK. Besides, both PAA
and Pl are hydrophobic and highly heasistant polymers and further contribute to the stability

of PSC when operated in a humid and htgmperature environmeht. Table 7 presents the
details ofthese additived-igure A0.9, Appendix 0 presents the chemical structures of such

additives.

An overall comparison of stabilizing effect of additives of different functional groups

associated with O donor atom has been shown in Figud©A@ppendix O.
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Table 7 Other oxygen atombased additives with multifunctional group.®®

PVSK framework.
Furthermore, thes
interactions improve
the optoelectronig
properties of the

perovskites resulting

Additive in | architecture PCE, % | Stability PCE, % | amount Stability Stability Role of additive Ref
active layer (Pristine) | (Pristine) (with of additive with conditions
additive additive
)
Reduced FTOITiO 13.8 retained 20% of 16.5 9 & g' mL| retained 40% of dark, RH=10%,| defectfree 118
graphene oxid¢ CHsNHsPbl/Spiro/Ag their initial PCE their initial PCE| un perovskite films of
(rGO) after 50 days after 50 days encapsulated, | enhanced
crystallinity, larger
and evenly
distributed  grains
enhanced light
harvesting potential
increasing the
photocurrent density
and the resulting
improved PCE
Poly(amic ITO/NIOW CHsNHsPbk | 14.16 (@)Remained 13% 17.85 0.0497 mg/ml | (a)Remained Inert, dark,| The O atoms in PAA 119
acid) (PAA) /PCs1BM/BCP/Ag as of final PCE 16.57% as of final non and
after 500 h PCEafter 500 h | encapsulated, | Pl form hydrogen
(b) { bonds with H atoms
(b) Retained 50% (b) Retained 88% RH=45% in CHsNHs
from initial PCE from initial PCE | without * and lone pair of
after 70h after 70h encapsulation, | electrons of N atom
dark, in the| interact with Pb
glovebox ions,
polyimide (PI) 16.49 0.0990 mg/ml | N/A N/A which stabilized the
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2.1.3 S donor atorrbased additives

2.1.3.1 Sulphide and organosulphur additives

Further,sulphurbased donor atoms have also improved crystallinity and device performance
27 For instanceYang and ceworkers useddimethyl sulphide (DS) additive iMAPbDI3
precursor solution (based on DMSO precursor) and demonstrated a record high PCE of~ 18.4%
for a flexible perovskite solar cell. Also, the formation of a stable intermediate complex
betweerPbk and DS molecule was observed that further enhanced stability. The enhancement
of stability due to DS solvent additive was ascribed to the smaller electronegativity of the
sulphur atom (2.5) in DS molecule compared to an oxygen atom (3.5) in DMSCQuiaplec
which allowed sulphur molecules to provide electronins to empty 5d Pb orbitals, ultimately
resulting in a hexaoordinated complex formation. Therefore, with better crystallization and
stable intermediate formation, 86% of initial PCE remained fate@ when wencapsulated
devices were exposed to moisture RH~35% in the dark at room tempéfatdigourea is
another example of such an organosulphur compound, the addition of which into the photo
active layer results in improved performance and stability due to intermediate formation
because of Lewis acidase reaction. Howevehe addition of thiourea in the active layer is
often compared to similar compound urea where O atom from carbonyl group (in urea) is
replaced with S atom for thiourea. (the carbon atom is connected to different species). Both
thiourea and urea have beenmd to show similar effects of increasing grain size, crystallinity,
grain boundary passivation and coordination WWitik in the MAPb} framework!?%, Besides,

many oher organosulphur derivatives have been reported to form an adduct witsRbé

Pb atom acts as Lewis acid. One such example is a volatile Lewis base, thioacetamide
(CHsCSNH.), abbreviated as TAA?2. Another example is-pyridylthiourea, which hasneS

donor from thiourea, with a better ability to coordinate withhPdrid N donor from pyridine,

which can ceordinate with Pllas a Lewis acibase and regulate the-oadination strength

with PH2. This, further results in an improvement in crystallinity, which in turn resulted in
better lightharvesting ability, charge transport, the reduction of defect and recombination loss
leading to PCE of 18.2 %. In addition, this allowed retaining thalisyatr PSC more than

90% when exposed to ambient conditions, at room temperature or at higher temperature in the
dark®%. Recently, Zhang and his -weorker combined thiourea with water and lodine (ITU)

ions to reduce iodine defect vacancy produced during the film fabrication process. Afterwards,
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the grain size was found to be increased with ITU (3.4 um) compared to wheedhsadded

(800 2000 nm), reducing the defects at grain boundaries. Besides, PSCs with ITU additives
displayed a higher § longer decay time and longer carrier lifetime with a lower charge
recombination rate. Thus overall, the addition of ITU resultednprovement in PCE from
17.75% to 20.3%. In addition, the trap densities of the perovskite film significantly reduced as
the ITU additive was incorporated into PSC, allowing PSC to stabilize and maintain ~80 of
initial PCE after 100 h of exposure tbAMG solar irradiation and 30 days in the ambient
atmospheré?

2.1.3.2Thiocyanates

Above and beyond, thiocyanates (S@Nntaining anions) additives are another subcategory
for S atombased additives. It should be noted here that thiocyanates are also considered pseudo
halides. However, the role of thiocyanates in the perovskite film is very controversial. For
example, Yafa Yan and group demonstrated that a small amount (5%) of Pb{&@tjion

in the precursor can significantly increase the grain size and crystalline quality of perovskite
thin films using a onatep solution process method. This increased the averagdr®GE

15.57 to 17.80%. It was proposed that S@hons do not incorporate in the perovskite film.
SCN react with CHNHz" and form volatile products HSCN and éNtH». This allows excess

Pl?* and I to formPbk at grain boundaries that sources passivaftect'?4 On the contrary,

Kim et al demonstrated that Pb(SGNin CHsNH3sPbk partially substitute | anions and forms
CHsNH3Pb(SCNy)lzx at lower temperatures. This phenomemvas observed not dependent

on the concentration of Pb(SGINHowever, similar reports of enhancement of crysta siz
were found. Thus, it was concluded that the influence of processing temperature could affect
the purity of the final perovskite film when Pb(SGNjdditive is used with MAPBI?,
Whereas, the addition of potassium thiocyanate (KSCN) also reported to form volatile products
HSCN and CHNHa, consistent with earlier mentioned results, with no traces of &tiNd

in the final perovskite filn¥? In the case of the KSCN additive, however, the resicageKI

instead ofPbk. Nevertheless, the authors illustrated that the fimadyct upon KSCN
incorporation wa MAPDbk, not KPbk, due to the smaller radius of K cation. In addition, Ki
residue improves the crystal quality of perovskite film, resulting in enhancement of charge

transport, reduced carrier recombination and eliminating hystéfésis
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Conversely, when NEBCN is incorporated in MAP)Iit was reported to form an unstable
intermediate phase NRbkxSCN due to lower formation enthalpy {Hf) of the NHiPbk

over MAPbk, which later resulted in C#llHsPbk 1 SCN, a mixed halide perovskite after
annealing of the filmg?’. Therefore, when methylammonium thiocyanate (MASCN) was
introduced as an additive to the precursor, a rapid vatased drying approach was used to
extract volatile intermediate prodscgo that, MAPHK] is formed as the final product with no
traces of SCN The films fabricated using this fabrication technique was reported to gain grain
size of more than one micrometres with uniform surface morphology, resulting in high
crystallintyands gni fi cantly | arge carrier | ifetimes
ns), Improving the ambient stability up to 1006hHowever, when a larger cation Guadinium
(Gu), is directly added in MAPpls GuSCN, GuPblwas formed as an intermediate phase
present with MAPhkiphase. It was contradictory to the earlier belief and reports, which showed
that Gu singléehandedly could not form three dimensional perovskite materials due to a larger
ionic size (278 pm) over MAation (217 pm). As a result, improved crystallinity, grain size
and reduced trap density were noticed further, resulting in improved PCE (from 15.57% to
16.70%) that maintained stability ~90 % of the initial value after being stored for 15 days
without en@psulationt?®. On the other hand, when guanidinium isothiocyanate is addiabin
precursor, with dual step fabrication method; mixed cation perovskite was formed
(GUXMA) 1-xPbk %0 Nevertheless, most S donor attkmsed additives are found to
influence ambient stabilitySee Figure AQ1 and Figure A0.12Appendix 0.At a glance
summary of additives containing S atom and their role in the M&ARrhework has been

presented in Tabl@.
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Table 8 S atom based additive in MAPb4.58

and defect passivatio
of grain boundarieg

crystalline quality,
improve charge
transport,

Additive in | architecture PCE, % | Stability PCE, % amount Stability Stability conditions | Role of additive Ref
active layer (Pristine) | (Pristine) (with additive) | of additive with
additive
DS MgF2/PET/ITO/NOs/ 17.03 (a)Retainecb0% | 18.40 10 vol% in 1| (a)Retained 86% PCI (a)Unencapsulated, Intermediate betwee| 120
CHsNH3sPbk/Spiro- PCE from initial ml precursor | from initial after 60 day§ RH=35%, dark, RT | Pk?*and S atom
OMeTAD /Au after 60 days (b) bending
(b) n/a (b)15.24 (83% of initial)| stabilit-  bending
as of final PCE afte] radius of 4 mm
5000 cycles
Thiourea ITO/ PEDOT:PSS/ 13.4 N/A 16.2 0.5 vol% N/A N/A Urea and thiourea bot| 2!
CHsNHsPbls promote grain growth
/PCBM/Ag reduce trap stateg
passivate grair
boundaries.
thioacetamide | ITO/SnQ/ CHsNHsPbk | 17 retains ~75.19 18.9 1.0% (molar| retains 88.9% of ity RH=2535%, Interaction of of TAA| 122
(TAA), /SpiroOMeTAD/Au of its initial ratio toPbk) | initial performance aftel unsealed , air, with P+
performance aging 816 h , improved grain size
after aging 816 h
2- FTO/CTiO2/mp-TiO2/ 155 a)Retained only 18.2 0.5 mg mk:1 | a)Retained~95 % PC| ambient, N-donor and Slonor | %1
pyridylthiourea | CHsNHsPbl/ Spiro ~10 % PCE from from initial after 30 dayg air, dark coordinate with Pblk
OMeTAD Spiro/Au initial after 30 b)Retained~92 % PCf a) RH= 55| and slow down the
days from initial after 30 days dark, RT formation of Pbk.
b)Retained~55 b) 65 improved morphology,
% PCE from RH=30%,dark, larger crystalline size
initial after 30 smooth compact
days homogeneous film
I TU f or|ITO/SnC /| 17.75 retain 30% of thg 20.3 0.003 mM retain 80% of the initia|] AM 15 light | Reduction of iodine| 123
thiourea CHsNH3sPbbk/Spiro- initial PCE after PCE after 100 h soaking. in ambien] ions and reduces defe
OMeTAD/Au 100 h atmosphere state concentration
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lead FTO/SnQ/ CHsNHsPbk/ | 15.57 N/A 17.80 5% N/A N/A forms volatile producty 124
thiocyanate SpiroOMeTAD /Au Pb(SCN} HSCN and CHNHz,
(Pb(SCN) 2 (molar ratio resulting in formation
with respect of excess Pbk that
to Pbb passivates GB
potassium FTO/GTiOo/ 19.38 N/A 19.6 1 mol% N/A N/A Grain size and 1%
thiocyanate m- crystallinity
TiO2/CHsNH3sPbk/Spiro- improvement reduce
OMeTAD/Ag recombination density
methylammoni | Glass/FTOTiO2/ 15.81 Died in 150 h. 18.71 40 mol% Retained 16.34 % as ( air, RH= rapid vacuurrbased| 28
um thiocyanate CHsNH3sPbl/ Spiro- final PCE after 1000 i ~20-25%, without drying approach, high
(MASCN) OMeTA)/Au ~89.7 % from initial encapsulation, crystallinity, large
additive carrier lifetimes
guanidinium FTOITiO2f 15.57 Retained 60% 16.70 10% mmol | Retained 90% PCE fror| Un-encapslated, enhance thg 12°
thiocyanate CHsNH3Pb/PCBM/Ag PCE from initial initial PCE after 15 dayq dark, RH=3040%, | crystallinity, enlarge
(GUSCN) PCE after 15 the crystal size, an
days reduce the trap densit

of the
perovskite film
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2.1.4 Alkane additives

Furthermore, alkane based additives can be another class of additives that haseligen bri
investigated within the MAPbIframework. Additives like poly(vinylidene fluorideo-
hexafluoropropylene) (PVDHFP) have shown interaction with MA cation via hydrogen
bonding with fluorine atoms in the additive. Such an additive is quite usefuhdoor
photovoltaic applications as the additive is reported to control the nucleation and growth rate
on a very thin (~150 nm) active layer of MARIthrough a onetep solution processing
method. Thinner light absorber perovskite is usually full of vaiuts results in low fill factor,

lower internal quantum efficiency due to poor perovskite film quality. However, increasing the
thickness is not suitable to obtain semainsparent films'3. To solve this problem,
poly(vinylidene fluorideco-hexafluoropropylene) (PVDHFP) additive had illustrated less
rough morphology when ~150 nm thick perovskite layer was obtained. Also, it was found that
perovskite solar cells with PVDRFP film have a lgher charge transfer rate and lower carrier
recombination raté®2 Similar observations were seen when another derivative of PVDF
polyvinylidene fluoridetrifluoroethylene polymer P(VDHTFE) was employed in a twstep
fabrication process instedtf. Other than these additives, some other haloalkane additives like
diiodomethane (CH2) and diiodoctane (§16l2) have also been reported to reduce the trap
states resulting in improved morphology and enhanced*®&& Further, Table 9 represents

the alkane additives and discuss their role in the MARBmework.See Figure A0.13,
Appendix 0, for chemical structures of discussed alkane additives.
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Table 9 Alkane based additives and their role within MAPbk framework .58

Additive in | architecture PCE, % | Stability PCE, % | amount Stability Stability Role of additive Ref
active layer (Pristine) | (Pristine) (with of additive with conditions
additive additive
)
poly(vinyliden | FTO/cTiO2/CHsNHsPbl/spiro- | 7.2 N/A 10.6 N/A N/A N/A Interact with | 132
efluorideco- MeOTAD/Au uncoordinated MAI
hexafluoroprop molecule  through
ylene) (PVDF hydrogen bonds
HFP between fluorine
atoms. This car
improve the carrief
lifetimes and reduce
the charge transfe|
resistance, which
contributes to
enhancing PCE.
polyvinylidene | FTO/cTiOz/mesoporoudiOz | 9. 57 | N/A 12. 5 NA N/A N/A Two-step 133
fluoride- CHsNH3sPbls Ispiro- | 5% 0.40 deposition,
trifluoroethyle | MeOTAD/Ag improved
ne polymer crystallinity and
P(VDFTrFE) morphology,
reduced carrie
recombination  off
charge carrier
increased carrie
lifetime
diiodomethane | Glass/FTOTiO2/ 10.0 N/A 16.5 0.25 mlin 1 ml| N/A N/A lodine liberation,| 135
CHal2 MAPDI3/Spiro-OMeTAD /Au precursor morphology
enhancement
Diiodooctane | Glass/ITO/PEDOT:PSS/MAPH 10.61 N/A 17.74 1vol% in 1 ml| N/A N/A Intermediate 134
DIO 13/PCBM/Ag precursor formation and
morphology
enhancement
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2.1.5 Quantum dotbased additives

Recently, a new area of additt’emergedbased on quantum dots containing different
functional groups introduced in the precurddris allows the functional group to chelate with
under coordinated Pb vacancy or iodine defect sites at the surface of the perovskite layer. At
the same time, quanmtudot reduces neradiative recombination centrédue to the quantum
confinement effegt while the chelating functional groups attached to quantum dot help co
ordinate with defect sites, improving the crystallinity of the fithys passivating defect$ a

grain boundarie$®% 1%L, In some cases, quantum dots can even promote charge transfer from
the oxidesurface to the perovskite layeuarther educing the charge trap density, boosting fill
factor as high as 84% and efficiency as 21.04%% A summary of such additives based on

Quantum dots (QDs) is presented in Table 10.
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Table 10 Quantum dots based additives for MAPb4.58

perovskite, which effectively
passivates

the surface traps and help redy
nonradiative

charge carrier recombination, th

Additive in | architecture PCE, % | Stability PCE, % | amount Stability Stability Role of additive Ref
active layer (Pristine) | (Pristine) (with of additive with conditions
additive) additive
carbon ITO/NIO«/ CHsNHsPbls | 15.25 Remained ~ 10 % 18.24 0.15 mg/mL Remained~ 73.4 Un- Reduce nomadiative | 36
quantum  dot| /PCBM/Ag PCE from initial % PCE from| encapsulated, | recombination loss, improves th
(CQD) after 48 h initial after 48 h | dark, RT,| crystallinity of film. Thus
RH=80%, passivates grain boundaries 4
improves stability
carbon ITO/NiOx/CH3NHsPbk 14.48% | N/A 16.47% | 10 mg/mL Remained ~18% d ar k , ] increase in the crystal 139
nanodots /PC61BM/BCP/Ag N 0. ¢ N 0. 2 as of an absolut{ RH=40% size and a lower content of gra|
(CNDs) value of PCE afte , air, un | boundary defects and, loag
500 h encapsulated, | carrier lifetimes.
carbon FTO/TiO2/ CHsNH3sPbl/ Spiro- | 17.59 (a)Retained 74% 18.81 0.05 mg/mL (a)Retained 90% (a) un | passivate the grain boundarij 138
guantum dots | OMeTAD /Ag from initial PCE from initial PCE| encapsulated, | and decrease the trapate
(CQDs) after 1500 h after 1500 h inert, density. The bonding betwee
(b)Retained 17% (b)Retained 70% (b) un | CQDs and MAPH leads to &
from initial PCE from initial PCE | encapsulated, | stable absorption of CQDs on tf
after 216h after 216 h RH=50-60%, MAPDIs surface, forming 4
protective layer to prevent th
perovskite from coming i
contact with water, thereb
enhancing the
stability of PSCs.
nitrogen doped ITO/PEDOT:PSS/ 8.34 N/A 13.936 | 3vol% N/A N/A N-CQDs act like an intermediaf %7
CQDs (N | CHsNHsPbk/PCBM/AI and help to form dense ar
CQDs), smooth perovskite, passivates t
trap states and decreased the
nonradiative charge
recombination
Nitrogen FTO/bITiO2/mI-TiO2f 12. 123NA 15. 93 0.05mg/mL N/A N/A coordinate 41
doped carbon CHsNHsPbl /Spiro- | 0.28% 0.15% with the iodide ions and leal
dots (NCDs) OMeTAD/Ag cations on the surface of
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nitrogen dopants with lon
electron pairs in NCDs
optimise the interfacial energ
level to enhance

the charge carrier
efficiency at plotoactive
layer[TiOz interface

extractio

potassium ITO/PTAA:FATCNQ/CHNHs | 18.25 N/A 21.04 N/A N/A defects passivation an 140

cation (K+ Pblk/PCBM/BPhen/Ag crystallisation control of the

) functionalized perovskite film.

carbon K* in the grain boundary an

nanodots prevents excessive cations frg

(CNDs@K) occupying
interstitial sites, thereby reducin
microstrain  of polycrystalline
film. the synergist effect of
tailored crystal size an
suppressed grain  bounda|
defects could reduce charge tr
density, facilitate chargg
generation, and lengthen carri
lifetime,

graphene FTO/cTiO2/mp-TiO2/ 16.83 Remained ~ 18.34 1.5 mg/mL Remained ~ | encapsulation | promote charge transfer from th] 142

quantum dots
(GQDs)

CHsNHsPbl/ SpiroOMeTAD
/Au

15.6% as of final
PCE after 30 days

17.4% as of final
PCE after 30 days

n/a, RH=36%,
atm,

perovskite layer toTiO2 film.
Faster electron extraction

and a slower recombination ratg
passivate

hanging bonds at the perovski
GBs,




2.2Inorganic additives

Inorganic salts can be further explained as per the category in the periodic table, i.e. based on
alkali metals, alkaline earth metals, transition metals, other metals and othmaetads. These

additives may exist in the form of inorganic halide saltmorganic acids*®

2.2.1Alkali metals additives

Hydro halides are at the top, as hydrogen iditeeelement in group one of the periodic table.
Soe et alstudied the incorporation afydrohalic acids (HX, X=I, Br, Cl) in MAPhlprecursos
prepared using DMF. It was found that HX incorporation in the perovskite layer alters the
bandgap and unit dggarameters. The HI addition compressed bandgap, whereas HBr widens
the bandgap at high concentrations-gZvol %). Further, these changes were found to be
correlated with the types of defects present in polycrystalline perovskite thin films combined
with the structural strain induced in very small crystallites. Thus, it was concluded that these
acids could influence crystallization rate, surface coverage and improve morphology.
However, HCI incorporation showed no influence on bandéajf> The same was verified

by Yan and ceworkers who investigated HI (Hydriodic acid) as an iodine quencher in MAPbI
precursor solution (prepared with isopropyl alcohol (IPA)), that further led to chemically
passivate grain boundaries and increase in PCE from 16.13% (pristine) to 18.21% (with HI
additive)'®, Likewise, alkali metals such as Li, Na, and K combined with halogen counterparts
have been inspected as additives for the MARfit absob er | ayer . Gr#&tzel
workers demonstrated the influence of Nal (sodium iodide) orofitieal, excitonic and
electrical properties of CiMIHsPbk perovskite prepared by a tvabep sequential deposition
techniquelt was revealed that the Nal atige helps in the complete conversionRifb into
CHsNH3sPbk, leaving no unreacteddbk and enhancing the crystallinity. Furthermore, KPFM
measurements showed a reduction in work function (towards Au metal) for epotewtial
difference (CPD) and pred the chemical passivation of perovskite surface due to additive
incorporation in the precursor. Additionally, the hypothesis of partial substitutiortofvith
monovalent cations Na was discarded because replacihgitbthe Na cations requires high
energy, which cannot be obtained at room temperature since additives and films were processed
at room temperaturé*’. Similar reports were publied from Chu and ceworkers who
investigated alkali metal chloride additives (LiCl, NaCl and KCI) in MARIyld suggested

that mixed halide formation does not occur as Cl atoms easily evaporate due to the annealing
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process, improving the crystallinity amerrier charge transpott®. However,as the nuclei

weight and radisincreasethe A site cation is partially replaced, and a mixed perte/skth

a double catio is formed(i.e. in the case of RbX and CsX, where X represents hafitiehe

partial substittion of cation wa also observed when alkaline earth metals were employed as
additives in the precursor. Hence, they are not the centre of attraction here and suggested that
alkaline earth metals are best suited to replace Pb due to their divalent'rfattir&urther,

alkali metal additives' chemical structures and role in the MA#Pdrihework aresummarized

in Figure A0.14, Appendix O antiable 11 respectively
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Table 11 Alkali metal additives and their role in MAPbI 3 perovskite.>®

Additive Architecture PCE, % Stability PCE, % amount Stability Stability Role of additive Ref
in active (Pristine) (Pristine) (with of additive with conditions
layer additive) additive
HI ITO/PTAA/ 16.1 N/A 18.21 0.004 vol% N/A N/A Grain size | 146
Hydriodic | CHsNHsPbk/PCBM/Ti/Au improvement
acid
HCI GlassTiOz CHsNHsPblk /Spiro- | 9.96 N/A 14.49 volume ratio 8%, | N/A N/A Grain size| 192
HBr OMeTAD/AU 13.53 volume ratio 6% | N/A N/A gzmvemgrnpthology
HI 15.21 volume ratio 8% | N/A N/A enhancement
Lil FTO/TiO2/CH3sNH3sPbk/electrode | 11.3 Remained ~1% 17.01 12mg/mL Retained un- larger grain size ang 153
PCE as of final ~6% PCE ag encapsulated, | higher crystallinity
value after 25 of final value | ambient,  air,| and reducedPbk
days after 70 days | RH=40%, residue
Nal FTO/compact TiO2 /mesoporous 14.01 N/A 15.14 0.02 mol/L N/A N/A Improved 147
TiO2 /CHs NHsPbk crystallinity  and
/SpiroMeOTAD/Au grain boundary
passivation
LiCl Glass/ITO/PEDOT:PSS/ 11.40 Died in 50 days| 9.98 0.25%, wt% N/A N/A Improved 148
CHsNH3sPbk /PGs1BM/Ced/ BCP/AI crystallinity  and
NacCl 12.77 1.0%, wt% N/A N/A homogenous
nucleation, and
KCI 15.08 0.75%, wt% Remained unencapsulated crystallisation
~85% after| inert (glove
50 days box)
dark
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2.2 2Transition metals additives

Additionally, some transition metals have also been reported as additivBBARDI3
precursos. One such example is-type goethite (FeOOH) quantum dots that act as
multifunctional additives. The addition of FeOOH QDs into precursor solution improves not
only the performance but also stability. The investigation done by Wantegdoup showed

that FeOOH QDs could produce heterogeneous nucleation, passivate the trap states, and
obstruct the ion migration. The investigation demonstrated that the oxygen (in FeEOOH) as a
Lewis base could coordinate with Lewis acidPBhei OH growp (in FeOOH) can coordinate

with hydrogen atoms of MA Thus, this interaction results in the delay of crystal growth
kinetics, resulting in good quality of perovskite films that result in high PCE. Further, the iron
in FeOOH QDs as a Lewis acid interadthw_ewis base'l Thus, ion migration of and MA'

is controlled, resulting in enhanced intrinsic stability of solar déflsFurther, the transition

metal halides, either with monovalent cations (i.e. Agl, Cul, CuBr), divalent cationz(NiCl
CuCh, ZnCh, CdCh) ™% or trivalent cation (Rh) °° frequently pointed out the

improvement in crystallinity and grain boundary passivation.

Interestingly, in all these report€hlorinebased additive salts were reported to form the
MAPDbI3 phase without mixed iodide and chloride as it was proposed that Cl atoms evaporate
while annealing the films. Similarly, trivalent cation like*Rwas also noticed not replacing

lead atoms whe used in small quantities like 1 mol%. However, the addition to 5% could
result in partial replacement of the Pb atdrurther, Table 12 summarizes the details
associated with transitional metal additiv&ee Figure A0.15, Appendix O, for chemical
strucures of transition metal additives.
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Table 12 Transition metal additives and their role in MAPDbI 3 perovskite.>®

Additive Architecture PCE, % Stability PCE, % amount Stability Stability Role of additive Ref
in active (Pristine) (Pristine) (with of additive with conditions
layer additive) additive
n-type FTO/CTiO2/mp-TiO2/ 154 (a)Remained | 19.7 0.1mg/ml (@) Retained ( a) i n e| Improved quality of| 154
goethite CHsNH3sPbk/SpiroOMeTAD/Au only 5.7 % as of 94 % after| dark, non | perovskite and
(FeOOH) final PCE after 360h. i.e.| encapsulated, | inhibition of iodine
360h. 17.9% (b) 10| and methylaming
(b)  retained (b) Retained| RH, ion migration
61% from 97%  from| (c) 100 mW cm
initial initial PCE| 2, inert, RT,
PCEafter60 after 60 days| mpp tracking,
days (c)retained
(c) retained 92%  from
only 42% from initial PCE
initial PCE after 480h
after480h
Agl FTO/compact TiO2 /mesoporous 14.01 N/A 14.18 0.02 mol/L N/A N/A Improved 147
TiO2/ crystallinity  and
Cul CHsNH3zPbk /SpiroMeOTAD/Au 1525 N/A N/A grain boundary
CuBr 15.61 N/A N/A passivation
NiCl2 ITO/SnQ/ CHsNH3sPbk | 17.25 Retained ~70% 20.61 0.03mM Retained En-capsulated, | High crystallinity, | 15°
/SpiroMeOTAD/Au PCE after 100 H ~70% PCE| air,65 mW cm | GB passivation,
after 100h |2 D25 A
RH=45%,
without
ultraviolet filter
CuCk FTO/NiOx/ 9.73 N/A 15.22 2.5 mol% N/A N/A improves 156
CHsNH3sPblk /PCBM/BCP/Ag morphology
CdCk FTO/SnQ 11.7 N/A 13.2 1 % molar ratio | N/A N/A Enhance grain siz¢ 157
ZnCh fSCp'?f('}\'g,fAPebT:D A 13.76 0.1 % molar ratio | N/A N/A and crystallinity
Rhls ITO/SnG/ CHsNHsPbk  /Spiro | 19.09 Retained 75% 20.71 1 mol% Retained un Improved 159
OMeTAD /Ag of efficiency 92% of | encapsulated, | crystallinity and
after 500h efficiency dry air grain boundary
after 500h passivation
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2.2.30ther metals additives

The most widely reported metal additivePbb. Several groups have suggested using excess
Pbk as an additive and studied the effect of the stoichiometric anestoamhiometric
composition ofPbk in MAPbI; perovskite!®©161 Reports suggest that the addition of excess
Pbk in perovskite increases power conversion efficiency (PEE$2 However, the influence

of excessPbbk on photochemical stability is debatabfé Some research groups claim that
excessPbb passivates grain bounda{* thus creates extra passivatiofi®, enhancing
performance and stability overdff-1¢ On the contrary, some reports showed that ex@less

could increase PCE but decreases PSC stabiifitf® To resolve the issue, Stevenson and the
group demonstrated that the stability associated with exebksis affected by solvent
coordiration capacity with Pb atom and suggested that eXlgissan work as a stabilizer to
improve intrinsic stability if correct solvent (NMP) is chosen over commasdd solvent

DMF 19 Later, dher thanPbbk, adding PbCl also reported to resulin an equally good
perovskite film quality with improved performance, but the outcome was reported as a mixed
halide!’%1"t Hence,it is not focused here. Interestingly, Ngo and the group demonstrated a
different approach by using PbS quantum dots as capping ligands in the precursor solution to
control nucleation and morphology. This approach allowed to improvealttyity and
enhanced grain size, resulting in improved solar cell perform&3c€urther, a relevant
summary is presentaa Table 13The chemical structures of other metal additives can be seen
in Figure A0.16, Appendix, 0.
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Table 13 Other metal additive for MAPDI 3.58

functionalization to

improve crystallinity

Additive architecture PCE, % Stability PCE, % amount Stability Stability Role of additive Ref
in active (Pristine) (Pristine) (with of additive with conditions
layer additive) additive
Pbk FTO/GTiO2/m-TiO2f 15.95 N/A 18.42 10 % exces®bk | N/A N/A improves the| 160
CHsNH3Pblk/Spiro OMeTAD/Au crystallinity
Pbk Glass/FTO/ ChBNHsPbl/ Spiro- | 16.2 Retained 80% 16.5 10 mg/mL Retained ambient  air,| N/A 168
OMeTAD/Electrode/Encapsulation PCEtill 12 h 80% PCEtill| 85 UC an
UV-epoxy) 10 RH, 1sun
days
Pbk Glass/ITO/SnO2/ ~8.9% Remained ~ ~15.6% 15% excess Remained ~| 30 mW cn? at | Excess Phl forms | 1%°
CHsNH3PbL/PTAA/MoO3/Al 95% PCE| 40 , I | adduct  with the| (Our
40% PCE after after 1500 h cosolvent (NMP) | work
1500 h improving PCE and )
stability.
Pbk FTOITIO CHsNH3sPbl/Spiro- | 7 . 2 3 N/A 14 . 32 N| concentration i | N/A N/A grain boundary| 173
OMeTAD /Ag N/A, by annealing passivation
@130e¢eC
PbS QDs | FTO/Sn@/ CHsNHsPbk /Spiro- | 15.2 N/A 15.7 12.5mg/mL N/A N/A Capping ligand for| 172
OMeTAD/Au surface
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2.2.4Non-metal inorganic salts

Furthermore, the controlled nucleation, improved morphology, enhanced crystalline size and
grain size with lower trap density were also noticed with additives based on otheetaln

salts. During the twstep method, which is one of the commonly usédi¢ation approaches

to fabricate planar heterojunction complex lead halide perovskite solar cells, the complete
conversion ofPbbk into CHsNH3Pbk is often observed to be restricted by the inadequate
diffusion of CHNHal into Pbk film, which affects the short circuit current density. To
overcome this problenPathipati and cevorker usedammonium iodide (Nk) in small
quantity (5 wt%) in thé®bb solution and found this approach increases the porosipbf

film, allowing to improve film morphology and increasing grain size up to 500 nm. This, in
turn, improves the fill factor and short circuit current density, improving the PCE compared to
pristine solar celt’™. Similarly, a drastic improvement in fill factor (from 27.58thout
additive to 80.11 with NECI additive) was noticed when N8I was added in MAPBbI
precursor. Moreover, as reported earlier, due to the quick evaporation of chlorine atoms, mixed
halide formation did not take plaé€. Furthermore, improved performance and higher stability
were observewvith different ammaium halide salts (NEX, where X can be |, Cl, Br) even
when using the singlstep solution process method. Although, ANEhowed thehighest
performance amongst af%1’¢, Another ammoniunrbased additive, Ni#H-PQ, (ammonium
hypophosphiteAHP), was reported to show similar behaviour. Surprisingly, one of the by
producs (HsPQ) from CHNHasl synthesis was found suppressing the formation of molecular
iodine (i.e.the oxidation of ko I?) 1”178 This led to the idea of using NH2PQ, (ammonium
hypophosphiteAHP) as an additive in thebk/CHsNHzl precursor. Huang and -eworkers

found that AHP forms a complex witPbb, which leads to improvement in crystallinity and
grain size. In turn, this improves PV performance due to crystalline grain bountidries
Besides, in a recent report, it was illustrated thadsN an iodine quencher in the MARDI
active layer, can form an intermediate complex Wik and enhanced crystallinity and grain

size ~1100 nm, causing grain boundary passivation. Which, in turn, reduced hysteresis in solar
cells, improved efficiency and intrinsic stability of solar caftsto 4400 h 8% Similarreports

were received from Huang and the group who reportét®l incorporation in MAPk 8%,
Whereashypophosphorous acid (HPA) was used to assist crystallization dynamics for large
area substraté&% Chemical structures ancsammary of these aitives is presented iRigure

A0.17, Appendix 0 andablel14 respectively
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Table 14 Non-metal additives and their role in MAPDbIs active layer®

Additive in | Architecture PCE, % | Stability PCE, % amount Stability Stability Role of additive Ref
active layer (Pristine) | (Pristine) (with of additive with conditions
additive) additive
NHal Glass/ITO/PTAA/ 15.2 Retained ~70% 17.4 5 wt% Retained ~80% RH=50 | Improved morphology, 174
CHsNHsPbk/PCBM/Ag PCE after 20 PCE after 20 dayy 5%, un | increased crystalline size an
days encapsulate| grain sizeJower trap density
d, ambient
air,
NH4CI ITO/PEDOT:PSS/ 7.97 N/A 9.93 17.5mg/mL N/A N/A Improved morphology, 7
CHsNHsPbl/ PG1BM/A| increased crystalline size ar
grain size, lower trap density
NH4F ITO/PEDOT:PSS/ 13.74 Retained 70 % 15.15 10 mol% Retained 82 9% Encapsulat | Improved morphology, 176
CHsNHsPbk PCE after 5 PCE after 5| ed, air increased crystalline size ar
IPCs1BM/LIF/AI weeks weeks grain size, lower trap density
NH4CI 16.88 Retained 87 %
PCE after 5
weeks
NH4Br 16.85 Retained 89 %
PCE after 5
weeks
NHal 17.44 Retained 91 %
PCE after 5
weeks
NHzHPO2 ITO/PTAA:FA-TCNQ/ 9. 14 N/A 16.5 2.5mg/ml N/A N/A Intermediate with Pb  an( 17°
CHsNHsPbk/PCs1BM/Tr 1.0% improved crystallinity grain siz¢
NBr/Ag
N2Hsl Glass/ITO/Sn@ 14.98 Retained ~60 17.03 0.5%, % by wt | Retained ~80 % | inert, light | Intermediate betweeR®blk and | 180
CHsNH3sPbkL/PTAA/M0O % PCE after PCE after 4400 h| 50-60 N2Hsl, improved crystallinity,| (Our
/Al 4400 h mwcnt?, grain size work
506 0 e
N2HsClI ITO/PEDOT:PSS/ 7.14 N/A 12.66 PbL/MAI/N2H | N/A N/A Intermediate betweeRbk and | 18!
CHsNH3Pbk/PCBMW/Csd 5Cl molar ratio N2HsCl, improved crystallinity,
BCP/Ag =1:1:0.2 grain size
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hypophosph
orous acid
(HPA)

Glass/FTOTiOof

CHsNH3PbR/ETL/electro

de

51

N/A

0.75 ul/mg
solution in 1 ml
of MAI

N/A

N/A

larger grains with a smoothg
surface, Additive acts as

reducing agent for iodine

182
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2.3 Summary of literature review:

To conclude, the progress and updatesduditives for the MAPDbk photoactive layer in
perovskite solar cells were coverdéss known, the poor intrinsic and extrinsic stability causes

a restriction in the substantial commercialization of the B&@nsic instability is considered

due to the presence of unemordinated Pb sites or escape of a volatile product or formation
of molecular iodine; either of these creates a defetihe perovskite surfacehit literature
reviewsummarized various ddives that can coordinate with the mentioned defect sites and
improve stability.The literature review analysisuggestedhat amines, heterocyclic amines,
and their derivatives, followed by carbonyl and acetate functional groups, can improve intrinsic
stability by co-ordinating with Pb defect site®n the other hand, acid, esters, ether and alcohol,
and S atonbased additives can be mainly valuable to boost ambient stalbitity.a
comparison, see Figure A) FigureA0.10, Figure A0.12Appendix Q regpectively Similarly,

the comparison for inorganic additives is presented in Figuré8ABppendix 0.However,it

must also be noted thadditive investigation is often limited to efficiency enhancement instead
of intrinsic photostability improvement, sigite operational stability beirgmust condition to
commercialie PSCs successfully. Therefore, investigating the additive influence on the
intrinsic photostability of perovskite films and solar cellessential and demanosmediate

attention
2.4 Aim

Thus this research project aims to improve the intrinsic stabilittheMAPbI; perovskite

based lightabsorbing layer using additives. For this purpose, the impact of additive
incorporation withirperovskite filns and their influence ophotochemical stability haugeen
intensively investigated. Further, the impact of additive incorporation on the morphological,
optical, and electrical properties of perovskite films and solar cell devices has been studied.
This is because additivesth stabilization effect typically resulted in improved nucleatzom
growth, film morphology, crystallinity, angrain size leading to passivajeain boundary via
complex /intermediate formatioms observed in the literature revieSimilar charateristics

were also observed duririge additives investigation for this thesisd presented under the

section @ Resullltlse same dontexi, device gegarntamce and intrinsic device
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operationaktability under illumination have been further tested. Laterstiiglity mechanism

is proposed with respect to the structure and composition of additives in the perovskite film.

Utilizing literature review analysis as \aluablekey for ratioralising additives pyridine
derivatives (amines), acids, esters, ethers are investigated as organic additivegdothe
effect on intrinsic stability of MAPRI On the other hand,2Nsl and Pbi are investigated as

inorganic additives.
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3. Experimental section

This section describes tlaglditives andnaterials usednethodology to conduct experiments,

and techniques performéalcharacterizehin films and solar cells in the scope of this thesis.

3.1 Materials

The chemical structures of investigasettitives are shown in Figuelow.
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Figure 8 Investigated additives and their chemical structures
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Following the classification in the literature reviethe functioral groups present in the

investigated additives@ashown in Table 15.

Table 15 Investigated additives with their respective functional group

S.No | Name of Additive Functional groups in additive

amines carbonyl| acid | ester| ether| alcohol| thiols | other

and sulphur
derivatives based
additives

4. | Lipoic Acid N N
5. | Mercaptoundeconic N N
acid
6. | Mercaptosuccinic acig N N
7.| SHS35 N N
8. | PhenylCei-butyric N

acid (PCBA)

9. | Poly[bis(4phenyl)(4-
trimethylphenyl)amin
e]- PTA

Z
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11| Thiourea N N

Tetraethyl

orthosilicate(Si(O-
CoHs)a

15| 8 Oxyquinoline N N

16| 4-hydroxy N N

phenanthroline

17| 1,10Phenanthroline | N

18| Bathoocuproine N

19| Bathophenanthroline | N

21| Tetrathiafulvalene N N

22| AK1882 N N N N

The highlightechdditives green colouredn Table 15showed improved tninsic stability over
pristine MAPD% films (Figure Al1.1, Appendix A1)While unhighlighted represents additives,
those did not improve the photostability of tfilm (Figure Al.2, Appendix Al)However,
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only the best resultwill be the focus of this thesis. Rerefore, he bestadditives improving

stability wil!/ be d&Rkecruillded anmdd @ri stchues s9 eomtoi. o

Besides the abovetudiedadditives, other ypically used materials and chemicals involved are
N N dimethylformamide DMF, anhydrous, 99.99%pgnd Nmethyt2-pyrrolidone (NMP),
agueous tin oxide (15% concentration), PCBM, tolyehlorobenzene and ethyl acetdhmse
were purchased frorBigmaAldrich and used as receivedCBA, PTA, PTAA, MAI, Pl
were homegrown and used as 99.999 % pu@dass substratewere used for thifilm
experimentsITO coated substrates were usedexgliredfor device performance and device

stability experiments

3.1.1 Preparation of Precursor Solutions:

0.3M solution of MAPbd combined with additives was ustaprepare thin filmsAdditives were
added by 5%, percentage by weight unless specikadher, 1.4M solution of MAPbwas used

to prepare devicamless specified-iltered solutions were used for film and device fabrication and
characterisation. Precursor solutions were filtered with OMBRITFE filters. The precursor
solutions usually contained MAI and Pldissolved in either pure DMF or the mixture of
DMF/NMP (4:1 viv)and annealed at L overnight The absorber layer for thin films and
PSCs are made using this solutignocessed precsor witha onestep spin coating method.

For which, toluene is used as an antisolvent.
3.1.2 Thin Film Preparation:

Glass substrates were cut into 25 mm* 25 mm size and cleaned.Z8diorater, acetone and

isopropanol were used to give an uld@nicaton bath for 15 minutes in this particular

sequence for cleaning substrates. Upon cleaning, substrates were plasma treated for 5 minutes.

Then, transferred into Argon filled glovebo®.3M solution of MAPK] is used to prepare

perovskite film onthe glass sbstrate (with the respective additive added by 5 wt% in 1 ml

precurso). The dsorberlayewas spun at 3000 rpm and anneal
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3.1.3. Device Preparation:

Devices are prepared ini+p configuratiordue to better reproducibility and higher efficiencies
Typically architecture of the device consists of Glass/TCO/Bassivation
layerMAPDbI3(with or without additive)/HTL/metal electrode. ITO is used as TCO. To prepare
PSCs, tass substrates coated vihdium Tin Oxide(ITO) were cut into 25 mm* 25 mm size

and cleaned. Deiored water, acetone and isopropanol were used to give arsaitigation

bath for 15 minutes to clean the ITO substrates in this particular sequence. Upon cleaning,
substrates werplasma treated for 5 minutedsually, SnQ is used as ETL followed by a
passivation layer of either PCBA or PCBM. Incase of PCBA concentration used is 0.4mg/ml
in toluene and in case of PCBM concentration used is 30mg/ml in CB. ZnO is occasionally
used aspecified. TheETL layer ofSnQ is spunat 4000 rpmand annealedt 1 7 0 for
minutes. This Sn@ solution was made by adding deiped water to dilutein oxide
concentratiorfrom 15 % to 10 %. Water was added in the ratio of 2:1. Further, this solutio
was ultrasonicated for 5 minutes and filtered using a 0.45um PES filker filtered solution

was used to spin coah@leaned substratds.the case of ZnOZnOis spunat 6000 RPM and
further annferallheud ThaznO l0tion was made lyixing 0.100 g zinc
acetate dihydrate with 28.0 ml monoethanolamine in 1 mirokEthoxyethanol and stirring it
overnight at room temperature. Thus obtained ZnO was filtered using 0.45 um filters before

spinning coating onto the substrates.

All the subsegent layers after Sn@s spin-coated in Ar filled glovebox. In the glovebox, these
substrates were heat e ddethe glotebbox, first, PCGBM /PCEA mi nu
layjerwas spun at 3000 r pm an dil0& nrespeativety&urtieror 5
perovskite layers were spun at 4000 rpm. For the perovskite layer, ttstepngn coating

was used, toluene was used as antisolvenT hese fi |l ms were further
minutes. Either PTA (6 mg /ml in toluenedr PTAA (6mg/ml in toluee) was used as HTL

andwas spun on the perovskite layer at 3000 rptalystyrene (0.4mg /ml in ethyl acetate) is

spun on the perovskite layer before evaporating electrddes, MoQ (10nm) and Silver

(200nm) electrodes werssed

To test the device didity, devices were fabricated as
Glass/ITO/Sn@MAPDIz/PTAA/V20s/Al. This is to investigate that stability of the absorber
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layer is not affected by the instability of the passivation layer. HgDg 8d Al were thermally

electrodes.
3.2 Methodology

The scheme of the methodology implemented during the thesis wsir@ws in Figuré®. The
motivationbehind this methodology is to screen addgithet enhance the intrinsic stability of

the perovskite photoactive layeAdditives are addetb the precusor solution.A thin film

study is opted before investigating solar cell performance with additiMais. allows
monitoring the influence of additives on the perovskite layer without the effect of the charge
transport layer or passivation lay&he intrirsic photostability testaredesigned accordingto
International Summit on Organic Photovoltaic Stability (ISOS) proté€olEhe exact agng
conditions are describeésaately for each section.

STAGH: Preparationof MAPbL with additives STAGRB : Stabilitytests on thin films
MAPb} Additive MAPb}
Precursor Solution
@ solution with additive © +
Light+
ass, heat
+ — STAGH!: Stability tests on completed
' devices
STAGE: Filmoptimizationwith additives A
‘\4\ V,05
b N TTAPDL + PTAA
®) Glass additive @ v Light+
+additive heat
l @ SnQ
Glass/ITO

Figure 9: Methodology of the experiment. (a) solution preparation (b) Spin coating process for device

optimization (c) conditions for stability tests (d) completed device upon stability tests.

The methodology of the experiment can be described in the following parts:
) Prepare the precursor solution with an additive.

1)) Next, prepare thin films of perovskite precursor with additives on glass substrates,
using the onestep spircoating method. This allows understanding the impact of
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additiveson the photostability absorber layer. Because glass substrate is considered

inertmaterial, hence it will not influence degradation dynamics.

i) Test photchemicalstability of perovskite film with the additive by exposing the
film to the given light intensity at a certain temperature in an inert environment.
Therefore, the experimentsegperformed in a glovebox to minimise the effect of

external factors such as moisture, water, air.

iv) Further, improvement in intrinsic stability is characterised usingMisvand XRD

measurements (primarily), performed witB@ecifictime interval.

V) Thus,the most stable additive is screened and further adopted to check the device

performance of the solar cell with the selected additive.

Vi) If device performance is higher than pristine perovskite, prepare solar cell devices
with this additive and check devisgability. This is because the PCE of PSCs is
going higher, but stability is still to be achieved. Hence here, the aim is to screen

the additive that enhances stability and shows decent performance.

3.3 Characterisation Techniques:
3.3.1UV-visible speatbscopy

The absorbance feature of the perovskite layer can be monitoredWsikg spectra. The
evolution of the absorbance feature further indicates the stability or instability of film for additive
incorporationwith respect to timeThe U\-Vis spectrawere measured using AvaSp2@482

UV1 Vis fibre spectrometer integrated inside the glove box.
3.3.2 XRD measurements

Additionally, X-ray diffraction patterngre used to verify the phase and crystallinity of the
perovskite films.Besides, XRD can help tmvestigate adduct formation, degradation
byproducs. XRD patternsvere measured using a Bruker D8 Advance powder diffractometer

(Cu-Kgradiation,5-6 02Athetarange0 . 0 2 1 9 A step)c Measarenments were carried
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out in fixed illumination mode witmo sample rotation. The time interval of 0.2 seconds,

voltage 40kV, filament current 40 mA was used for all the measurements.
3.3.3 FTIR spectroscopy

FTIR spectroscopy can reveal the changes in vibrations corresponding to the functional groups
associatedvith additive in MAPbs. Thus, it can help to understand the additive interaction
with the MAPDIs framework. TheFTIR spectra were obtained using Bruker Alpha Il veith

ATR module (diamond crystal).

3.3.4 Photoluminescence

Photoluminesce measurements aaveal the changes in photoemission upon additive
incorporation. That can further lead to correlate charge transport propertiesPLThe
measurements were carried out using Automatic Research GmbH LBIC+PL+EL microscopy
setup with Horiba spectrometer. Aliraples were measured with 532 nm laser wavelength at
0.05s integration time, 0.5 siitidth. For PL vs Power dependendgser power variatiowas
from 18.5 W (10%) to 185 W (100%) .

3.3.5 Atomic Force Microscopy

AFM topography isa useful tool to reveathanges on the surface of perovskite film upon
addtive incorporation and photostability experime®BEM topography images were obtained
in a semicontact mode using Cypher ES atomic force microscope installed infiledAr
glovebox.Single crystal diarand probes (HA_NC/FDyvere usedo reducethe sticking of
material from the photodegraded samples to the ti@aod imaging artefacts

While in-situ measwements can reveal the detailed mechanism of adduct formattem
Insitu photedegradé@ion was performed usirglaser beam of 405 nmavelength, withalight
intensity of 10 kW rit.

3.3.6 Scaning Electron Microscopy & Energy Dispersive Xray.

Similar to AFM topograpy, SEM bpography is very usefukspecially in measuring grain
size and bange in morphology upon additive incorporation in MAFH. Additiondly,
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EDX allows to compare¢he quantity of lead before and after photostability test and thus

additive binding with Pb site can be understood.

For excess Pblinvestigation,EDX anaysis was performed on an Oxford Instruments Inco
Energy unit integrated with the Zeiss SUPRA 25 microscope. For HAI related staHiMs,
and EDX measurements were performed using the Helios G4 Plasma FIB Uxe lockarble
scanning electromicroscope. A towiew imaging was performed in secondary electron (SE)
mode at 510 kV. The energylispersive Xrayspectroscopy (EDX) was implemented at 10kV.
The Octane Elite Super detector by EDAX and Team Software by BERa#sXused within the

FEI Helios system. The EDXignal was averaged along the sample surface in order to

determine thé:Pb ratio.
3.3.7 Xray photoelectron spectroscopy

XPS was used to measure core level and VB spectra with the assistance of a PHI XPS 5000
VersaProbe spectrometer (ULVARhysical Electronics, USA) equipped with a spherical
guartz monochromator and an energy analyzer working in the range of binding energies from
O to 1500 eV. The energy resolution was @E
chamber for 24 h prior to the esments and were measured at a pressure' 6PH)

3.3.8 3V characterisation

Device performance characterisation was donmbégsuringCurrentVoltage (J-V)behaviour

under AM 1.5G (100 mW cr) solar illumination simulator inside the gloveboXhis
instrument is provided by a Newport Verasol AAA class solar simulator. The illumination
intensity waschecked before each measurement using a calibrated silicon diode with known
spectral responses. Thé/ curves of alldevices were measured while applyagetal mask

with a 0.041 crhiwindow (unless specified)sing the Advantest 6240A Sounceasurement

units.

102



4. Results and Discussion

4.11mpact of solution formulation on the excess of Pb2I additive in MAPDI 3thin films

and solar cells

Pbk as an additive is one of the controversial additingestigatedn the MAPbIs light-
absorbing layeiMany groupshaveinvestigate the nonstoichiometric usage of PbiThe
majority of researchers have reported that exoé$2bb (over stoichiometricimproves
PCE. Neverthelessijts impact on photostability wadebatable'® '8 Some reports
showed that excess Rlpassvates grain boundardf*18 generating passivation effect
165187 improving performance and stability overff187-188 Contrariwise, some reports
showed, employingnexcess oPbk in precursor solution reduced the stabilityp&C*#°,

even inaninert environment®8190

However, these reports lack the focus onaseect of solvent engineering while reporting
excess Phland its impact on photostabilitgince the choice of solvents affects perovskite
film quality, morphology, device performance and stability daethe difference in
coordination between perovskiteterial and various solvesi®2%, studying theimpact

of excess Phlin MAPDIs perovskite with respect to different solution formulasas
investigated For this purpose, DMF was chosencommonly usedolvent to prepare
perovskite ink!°%2%1 However,reports have shown that DMF exhibits poor coordination
ability with Pbbdue t o | ower boiling point (152
may cause instability. NexNMP was chosen, which exhibits a higher boiling point
(203 ) and | ow %% mquucingatrelativaly stalale iresesmediate phase
with Pbb 195:204205qye to the strong intercalation propertigs®®, further leading to rapid
nucleation and growth of perovskite crystals with a uniform and good film morphology
203207 Fyrther, reports have shown that 20 % addition of NMP divedest results;
therefore20 % NMP with 80% DMFHs usedo yield 1 mlof DMF/NMP mixture solution
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197 An overview ofthechemical structures of these two solvent DMF and N§/MRrther

shown in Figure A2.1in Appendix2.

Then, films were preparedwith these two solution formulationspure DMF and
DMF/NMP mixture. The films were prepared in the following configuration:
ITO/ZnO/MAPDbE (with and without excess PDI/PTA. Thenfilms were placed into a
photodegradation chamber in filled glovebox under white light with power 50 mW tm
2at 60 f %&rFresh @@l pHotoaged films were characterized usingVvisVv
Spectra, xray diffraction (XRD) primarily.

Here, the reference MAPYHfilm from pure DMF is represented as MARbDMF and
MAPDIs film with 15% exces®bbk from pure DMF is represented as MARKPbb.DMF.
Likewise, the reference MAPbIfiim from DMF/NMP mixture is represented as
MAPDI3.NMP and 15% excess of Rloh DMF/NMP is denoted as MAP&Pbb.NMP.

4.1.1 Photostability of thirfilms

The XRD pattera of all four films(fresh stageare presented at a glance in Figure A2.2
Appendix 2 whichindicates the XRD patterns bfAPblz. DMF and MAPb+Pbb.DMF
films are less crystalline. On the other hand, XRD patterns bfAPDbIs.NMP and
MAPDIs+Pbb.NMP films appea more crystalline. Later, the SEM images/ealed the
morphological changem the films (Figure A22b-e, Appendix 2. It is noticed that
MAPbIz.NMP and MAPbd+Pbb.NMP improves the film morphologyesulting ina

smooth surface.

UV-Vis tests evealed that all fresh films (independent of solvent formulation or excess
Pbk content) had an absorbanéeaturetharacteristic at 750 nntorresponding to
perovskiteformation However, at 500 nm, a shoulder corresponding te &hkrged for
fresh MAPb.DMF and MAPb4+Pbb.DMF films 188 Whereas for fresh MAPBRNMP

and MAPDb}+Pbb.NMP films, this shoulder was observéalbe prolonged (from 450 nm
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to 540 nm), possibly due to the presence of an intermediary phase/adduct betwaed Pbl
NMP 197,207,20§

Following the photoaging, the absorbanéeaturecharacteristic at 750 nm for
MAPDbIz+Pbb.DMF vanished utterly. Only a peak matching to#bmained near 500 nm,
demonstrating thaxtra Pbj speeds the disintegration of perovskite film when made with
pure DMFE The absorbance characteriglwoulderat 750 nm for MAPk#+Pbb.NMP, on

the other hand, remained stable, implying that the destabilising effect of over
stoichiometric Pbl was inhibitel due to the presence of-solvent NMP. Further
comparingabsorbance spectra with and without excess, Bbfore and after photoaging

is displayedelow (Figure 18 and10b) 6°.

(a) (b)

25 [——0 % Pbl,,Fresh —— 0% Pbl, Fresh
- e |15 % Pbl, Fresh - L 15% Pbl,Fresh
220 W\. - - -0 % Pbl, Aged 3 L - - 0% Pbl,Aged
< 8 Y 15 % Pbl,Aged < 15% Pbl,Aged
8 15- . Pbl, S Pbl,
g S
£ 10] 2
4 T
g ]

05 <

0.0 0.0

500 600 700
Wavelength (nm)

500 600 700 400

Wavelength (nm)

400

Figure 10 Absorbancespectra of fresh and photoaged MAPH films with 0% and 15% excess Phi
(a) from pure DMF (b) from DMF/NMP cosolvents'®®

XRD measurements demonstrated similar obsenatithe fresitMAPDbIz.DMF exhibitedXRD

14.14A, 20.03A, 23.52A, 2954 A, 28. 4
a t’L Thede pedk”A and 2
were visible even after photoaging. Howeysotoagingesulted imsmallpekat3 1 . 3 2 A

that was linked to PiMAPDIz+Pbb.DMF exhibitedthe same position of XRD peaks as

patternsof perovskitea t

However peaks matching to Pbwer e obser ved
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MAPDbIs.DMF. Bu, more Pdpeaks were | ocated at 12. 68A,
intensity ofthePbhp e ak at 12. 68A was f oungconteatfor ncr eas e
MAPDIs+Pbb.DMF film. Unfortunately MAPDbIs+Pbb.DMF was totally e@graded after

photoaging leaving Pbd as a minor byproduct and Pb as the predominantpogduct,

with strong peaks at {FRurel8ak’ Eresid MAPHNNP? A, r esp
revealed peakofper ovs ki te at 14.14A1A20306AR4A234D3A48)
4 3 . B8 FArther,Pbk signals were foundto ki s pl aced at (Figure78A and
11c) 1% accompanied by the additiopse a k s at 8, b8ldhgirg tbdMFPHL. 1 0 A

adduct 1°71% When Pb} concentration is increaseMAPDIz+Pbk.NMP), the low

intensity peak of NMAPbk adduct developed stronger pealntensity (combined with

Pobpeak at 12.78A), and t hater, afiergphotohginghé 1 1. 10 A
adduct formed biXMP and ovestoichiometric Pklremained stable but displaced slightly

from i ts initi alFigypeldd)ti®é®hFurthesmor,.the PPpeak was

observed to be slightlshiftedt o 1 2 . 7 éyAminima peak comasponding to Pb at
31.31A, implying that when formul ated from I
into Pb is slowed, resulting in visiblgtable peaks corresponding to perovsffigure 1t

and 114¢. It implies that the PBNMP adduct is stable against photodegradation over pure

Pbb, which is why MAPDbIs+Pbb.NMP remains intrinsically photostable but
MAPDbIz+Pbb.DMF degraded in the absence of PRMP adduct.

Additionally, a qualitative comparison of photoadé¢dPbls.DMF, MAPbk+Pbb.DMF,
MAPDIs.NMP and MAPbi+Pbb.NMP films showing a share (%) of perovskite, lead
iodide and lead that remains upon photoaging is represented in Figure A 2.3, A@endix
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Figure 11 XRD pattern of fresh and photoaged MAPDbk films with 0% and 15% Pbl2 (a) from pure

DMF (b) zoomed XRD patterns from ®to 13¢

zoomed XRD patterns from ®to 13¢
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4.1.2.Proposed mechanism of improved stabiiith MAPbIz+Pbl>.NMP

XRD results suggested that RDMP adduct formation improves the photdskiay of
MAPDbIz+Pbb.NMP. To gain a deeper insiglhe effect orthe binding of lead iodide to
yield MAPDbIz with these two solvent cgmositionsi pure DMF and DMF/NMP was
investigated usinthe XPStechniqueThe XPS spectra of Pb#ffresh films Figure12a
andlL2b) demonstrated that the chemical state of lead atoms was found to be similar to that
of the MAPbS, regardless of the type of formulation or the amount of excess Pbl
ConverselyXPS Pb 4f>-spectraof photoaged MAPB#Pbb.DMF film reveala a high
energy shift with the excess of REdr full coincidence with the spectrum of reference
Pbb, proposing full degradation of perovskifgigure 12c). On the other hand,
MAPDbIz+Pbb.NMP film did not show any shift in XPS spectra of PhSpectra Figure
12d). Thisvalidateshat when ovestoichiometric Phlis present in the system, NMP as a
co-solvent forms a able and robustdduct with PbThis was further supported with EDX

measurements dfieatomic ratio of iodine to lead ator(iSsigurel12e).
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AFM Insitu photodegradation experiments further verified stras well The
MAPDIs+Pbb.NMP film illustrated the appearance of needli&e structuresin film
morphology upon illumination, which can be considered the result of the adduct formation
during in situ AFM photodegradation.(Movie 4, Appendix 2 and Figure 13h).
MAPDIs+Pbb.DMF film, on the other handiadlost volatile species, which resultéd
defects and accelerated photodegradafieor the comparisqrseeMovie 1-4, Appendix

2 and Figurel3a-h) 1°°,

Alternatively, Movies 14 can be accessed using the link:
https://drive.google.com/file/d/1FAkhjpRRxfiF4Qzz7FBvCn5Evn85Cydc/view?usp=sha
rin
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Figure 13 AFM images of MAPDIs thin films acquired asa result of in situ photo-degradation. (aser
beam of 405 nm wavelength, wit the light intensity of 10 kW m?was used) (a) fresh,0% excess Ph)
from pure DMF-. (b) fresh,10% excess Phifrom pure DMF (c) fresh, 0% excess Pbi from DMF/NMP

mixture. (d) fresh,10% excess Phlfrom DMF/NMP mixture. (e) aged,0% excess Pkl from pure
DMF. (f) aged,10% excess Phlfrom pure DMF (g) aged, 0% excess Phlfrom DMF/NMP mixture.

(h) fresh,10% excess Phlfrom DMF/NMP mixture. 16°
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Further investigation revealed thadducts between NMP and Plare favoured by the
uniform distribution of valence statefigure A2.4a andA2.4b, Appendix 2 in the
accumulation with  NMP's great coordination capacity with BblFurthemore,
investigations have demonstrated tN&MP sits near Pb sites in the PHittice due to its
ring-like structue and binds with lead atort82°22%8 As a result of the strong intercalation
of NMP with Pbp, anddueto low evaporabn rates and good morpholaghe adduct is
more photodegradation resistaimiproving the photostability dlAPbls+Pbk.NMP film
over MAPDIs+Pbb.DMF film194.199.20%

4.1.3 Device performance and Device stability

Later, solar cells witlexcess Phladditionwere prepared by usirgg-solventDMF/NMP.
Perovskite solar cells werdabricated in nA-p configuraton  Glass/ITO/ZnO/
PCBM/MAPDBE (with and without excess P PTA/ MoO /Ag architecture The Pbbk
concentratiorwas variedfrom 5% to 15% by weightTherelevant fabrication steps are
described im3.2.3De vi ce pt A geaentafficiemcynad 14.% was obtained by
10 % excess PblIn the solution. This was almost double that of without excess bl
addition, excess Phimproved operctircuit voltage, short circuit current densities and fill
factor, thus increased overall solar cell performan€his improvement in photovoltaic

parameters was associated with good morphol®dggFigure A2.5, Appendix 2)

Since the objectivef this work was to check the influence on the photostability of solar
cells, the operabnal stability of solar cells &asalso investigatedsolar cell devices based

on MAPbk using following configurationwas fabricatedGlass / ITO / SneY MAPbIs /
PTAA / MoOx/ Al. Here, the passivation layers are not used to avoid their impact on
degradation dynamics. This will further allononitoringthe influence on photostability
due to the excess Bnd DMF/NMP cosolventHowever,skipping passivation layers
often result in loss of performand€’. Solar cell devices were madéth 0 % and 15 %

excess Phlfrom pure DMF andhe samefrom DMF/NMP mixtue. These devices were
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kept at ®

and exposed

(Figure A26, Appendix 2
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Figure 14 Device stability of solar cells made of MAPK with 0%, and 15% excess PhJ, coated from
pure DMF and DMF /NMP mixture . 16°

As shown in Figure4, the solar cells witMAPDbIs+Pbb.DMF are unstable and csistent
with thin-film results. While solar cells withMAPbIz+Pbb.NMP remained fully
functional. Thus, the presence of NMP -solvent contributes to the improved
photostability of PSC, while ovetoichiometric Phlis presehin the MAPDb} frame.
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4.2 Enhanced intrinsic photostability of MAPDbIs thin films and solar cells with

hydrazinium iodide

Hydrazinium iodide(N2Hsl)is an inorganic @t additive. It has been reged that it can
also act as aiodine quenchereducingmolecular iodine to iodidédence, theat should
be added in the perovskite framewdtk?!4. Earlier reports showed thatrtial or full
substitution of MA cationusing hydrazinium cation improgehe efficiency and stability

of solar céls, forming mixed cation perovskifé!

However, exploring hydrazinium based salts as additives is emasipectHydrazinium
halides are majorly investigatedtime context of FASrd based perovskite solar cells. For
instanceatiny amount of NHsBr has been demonstrated to inhibit tin oxidation in FASnI
based perovskite solar celidreduce defectand trap states in perovskit€$. In the
same way, adding dMsCl to FASnk improved perovskite film morphology and
crystallinity, yielding excellent power conversion efficien&p. Likewise, the addition of
N2HsCl to MAPHIz also improved PCE, coverage, quality and crystallinity of perovskite

film due to intermediate formation with BBf1217

Following the ideahydrazinium iodide (HAI) additive in MAPpIs investigated. Further,
its impact on themorphology, crystallinityintrinsic photostability of thiffilm, device
performance and operational stability of solar ogfsalsostudied'®’,

4.2.1Photostability of thinfilms with HAI additive

Thepristine MAPD} film is defined as a reference MARKBIlm with 0% HAI. Similarly,

MAPDI3 film with 15% HAI is referred to as MAPptHAI. The photostability test was
conducted inside a glovebdy illuminating perovskite filmso 30 mWcm? using white

LED light at 40 up to 1200 h. The white LED | amps
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AM1.5G spectrum® Further, UMVis and XRD vereperformed in regular intervals to

check the intrinsic stability of films.

UV-vis test results revealed that the frephistine MAPb} film exhibits absorbance
characteristics of perovskite ~F5m. However, this absorbaacfeature of perovskite
vanished after photoaging. Additionally, a shoulder matching tp iPisible ~500 nm
(Figure 15), implying that pristine perovskites unstable and degrades as suspedied.
comparisonthe absorbance characteristics of perovskite in fhaPbls+HAI film is
observed ~750 nm, which remains very much visible even after 1200 h of phot@duggng.
indicates that adding HAI to the MAPRJgbrecursorimproves its intrinsic photostability.
Howeer, a shoulder matching to Phwas noticeable ~500 nffigure15b).

(@) 14 - (b) 14 -
0% HAI 15% HAI
12 - 5 129 —00h
w 1.0 L 200h ® 104 —200h
o | 400h o —400h ||
§D'8' 600N S 08N 600 h
£ 06 | 200h ‘g 06 — 800h
(]
@ ()4, — 1000 h a 04 __—1[}[}[}h
= 1200 < 1200 h| |
0.2 0.2 N v
00 ———— = 0.0 e
400 500 600 700 800 900 1000 400 500 600 700800 900 1000
Wavelength, nm Wavelength, nm

Figure 15 Evolution of the UV-Vis spectra of MAPbIz films (a) reference film with 0 % HAL.(b)
MAPbI s+HAI film . Ageing test conditions: White light30 mW cm2, temperature: 4 0 , inert.

Simultaneously, the XRD patterns for fresh, pristine MAR&Vealed less crystalline

nature of the film with peaks located it4 . 34 A, 28.67A, &P 09A, 40
Further, hesepeals related to lhe perovskite structure vanisheith photoaging. Instead,

at 12.80A and 31.40A, nan Plpemnarges® shavingr espondi
perovskite deterioratioflhe fresh MAPKd+HAI film, on the other hand, displays a small
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shift in the peaks that corresmbto the perovskite structure with shifted peaks noticeable

atl4. 11A, 28.37A, 2"#3Moleovér,the feeshdAPBIg+HA Tildk

exhilts a more crystalline nature than the pristine fikdditionally, the peak intensity at

1 4 . lgétéAimmensely intensgvhich becomes almost00 times more than pristine)

(Figure A27a, Appendix 2 Fur t her mor e, B obseevackiue totan 7 . 6 0 A
intermediate phase with Ppthat havepeals at 12. 74 A, 22 up&hA, and
photoaging, lte intermediate phase vanishes, while the pbakbecomes evidentvith

perovskite peaks slightly shifed1o4 . 14 A, 28. 42A, 43.19A and 58

2222233nd perovskite film exhibits the crystalline natawen after photoagin@rigure B).

— 15% HAI - 00 h
— 15% HAI - 1200 h

Pb

Intensity, a.u.

— 0% HAI-00h
— 0% HAI-1200 h| -

T 20 30 20

Figure 16 XRD patterns of fresh and aged MAPb% (0% HAI) and MAPDbIs+HAI (15% HAI) films. *

represents perovskite peaks.

Thus, The UW-Vis and XRD resultconfirm thatadding HAI salt in MAPK doesnot

destroy perovskite and improves intrinsic stability.
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4.2.2. Proposed mechanism of improved stability with HAI salt

The XRD results sugge#itattheintermediatdorm between Phland HAI salt improves
photostability. To gain a deeper insightystallinity, morphological, optical and FTIR

characterisation were further investigated in correlation to intermediate formation.

The crystallinenatureof a film is typically linked to a decrease in FWH®ith an increase

in peak intensity?*22> FWHM and crystallite size for pristine MARPENd MAPb+HAI

films were calculated following this concepior the fresh statehe FWHM of pristine

MAPDbI; wasO . laBddlroppedt o  Ofor MAPAIs+HAI. After the photostability test,

the FWHM of MAPb+HAI showed less deviationith F WHM v al uelshausl 0. 10A.
be noted here th&té¢ pristine MAPK degrades with photoaging. Agesult, no perovskite

phase wa availabletherefore the FWHM valueof photoaged MAPRIis not comparable

to photoaged MAPB+HAI. The crystallite size is 2alcul at
given as:

D=0.89a/ ((b. Cosd)) (11)
Where Drepresensv er age crystallite saye(la5ds AAhe

diffraction anglea n d FRVHM & the peak in XRDThe average crystallite size of the
fresh pristine MAPDbI3 film was observed 36 m, which increasedo 60 nm for
MAPDIs+HAI. After photoagingthe pristine perovskiteasdefragmented into lead iodide
and lead Thereforethe average crystallite size for the photoaged pristinewWi#sreduced
to 23 nmcompared to the fresh conditionhiwh was determmed using Phland Pb peaks
as perovskite was defragmenté¢hile theMAPDIz+HAI film did not showany significant
variation in the average crystallite size (50 nfis indicates that HAI addition improves

the crystallinity of perovskitélm (Figure A27aandb, Appendix 2.

The improvement in crystallinitis connectedo animprovement in graisize. Therefore

SEM measurements were perform€de grain size of MAPR*HAI was growrfrom 50
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150 nm (pristine MAPR) to 4061100 nm The mophological changes shad that HAI
addition resultedn a homogeneous film with flat and big grains passivating the grain
boundaries, which can be caused hyrdermediate phadeetweerHAI and Pb} (Figure

17 a and b ?1’. The atomic ratio of :Pb obtained using EDX measurements further
validated this due to khighervaluefor MAPDbIs+HAI film over the pristine film(Figure
A2.8, Appendix 2).

Figure 17 SEM images of (& pristine MAPDI 3 film (0% HAI) (b) MAPbI 3+ HAI film (15% HAI).

As a result, photoluminescence peak intensities for MARPDBAI film exhibiteda stronger
peak intensity, implyg that the HAI additive loweregon-radiative recombination losses
at grain boundari€s?. Furthermore, PL spectra indicdta peak shift from 767 to 753 nm
(FigureA2.9a, Appendix 2, implyingthat the addition of HAI alterethe bandgapf the
perovskite layer potentially ncreasing opesircuit voltages 21518% Additionally, the
charge carrier recombination dynamicsMAPbIs film also changes withthe f act or of
0.6 for pristineMAPbIstoa f a c 1.16 forMAPDbIs+HAI film; suggesting that HAI
addition in MAPbt influencedthe recombination proceisat changed from free to bound
for pristine toexcitonlike recombinations foMAPDbIs+HAI film (Figure A29b and ¢
Appendix 3. This is linked with the reports suggesting thataller grain size and nen
radiative recombination lossksver thea factordue to thaelisordered phas@n the other

118



hand, larger grains sizesult in an excitotlike transition at grain boundaries, imjplg an

ordered phasena homogeneous perovskite lay&}226:227

Later, FTIR measurementsivestigations confirmed the formation of an intermediate in
the MAPbk+HAI film, which was believed to be the reastor the increasegrainsize.
Peaks belonging tpristine perovskte are identified as €l bendat 1380 crit and 1470
cml, weak NH bend at582 cmt, C-H stretch aB8030 cm! and NH stretch3133 cmt
and 3180 cm in pure MAPb, whichare consistent wittheliterature 21’, In the caseof
MAPbIs+HAI, an additional NH bend emergedt 1418 crtt in addition to the prominent
N-H bend seen at 1565 ¢m'’. A tiny peak showing BHs" deformatiorwas also be seen
at 1384 crit 228 Peaks ofPbk were foundat 2360 crit, 2924 et 22°, In addition, the N

H stretchgot concentratecat 3136 cm?, while the NH stretch related tdNzHsl was
observed at 3282 ci®. These additional peaks point to thegence of an intermediate
phase/complex formatiorof hydrazinium with lead iodidé"??® which exhibitedpeaks
of cubic MAPbE at 1384 crit, 1418 cmt, 1575 cm, 1650 cmt, 3135 cm!, and 3178 cm

1 upon photoaging!’; enhancing the intrinsic photostability of thin filnf&urther, these
results are condisnt with XRD and UWVis test outcomé®. See Figurds.

Thus, intermediate faation between Pband HAI improved crystallinity, grain size, and
smooth morphology with passivating grain boundaries perceived to be the reason for the
improved photostability of MAP+HAI film.
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Figure 18 FTIR spectra of pristine and MAPbIz+HAI films before and after photoaging test®
4.2.3 Device performance and Device stability

To investigate the devicggerformance of MAPRIsolar cell devices with HAI additive
solar cellswere fabricated in the-irp configurationin the following architecture Glass/
ITO/ SNQ/ PCBA/ MAPbE/ PTA/ Polystyenere/ Mo Ag. Different HAI cncentratios
were employed in precursas 0% (pristine), 0.5%, 1%, 2.5% and 5%, % by weight.
Amongst which,0.5% HAI additionshowed the best PCE d7.03% overpristine
perovskite with 14.98%. Furthermore, Vo, Js, and fill factor bega to fall as HAI
concentratiormose above the optimum level (0.R%Ithough the addition of 1% and 2.5
% HAI yielded in functional devices, the performance hedlied. The addition of 5%
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HAI, on the other handuinedthe performance of solar cetempletely(Figure A210a
and b, Appendix R Thebestand averagsolar cell performance with respect to change in
HAI concentration is shown in Table 1According to reports, high current and open
circuit voltage are linked to increased crystallinity and grain sesjltingin improved
charge transport characteristf¢§224230.231 A5 a result of thgrain boundary passivatipn
the PCE was boosted .upn the other hand, excessive passivatioght obstruct charge

carrier transport and redutdevice performance, as shownthe case of 5% andigher
180

Table 16 HAI concentration vs IV parameters.!&°

HAI Voc, Jsc, Fill Factor
PCE, %
Content,% mv mA cnT?2
o Best 1040.67 18.19 79.06 14.98
Avg 1013. N 16. 70N| 72.48N| 12. 30N
05 Best 1058.13 20.02 80.39 17.03
' Avg 1014. N 18.95KN| 76.79N| 14. 78K
1 Best 940.82 18.07 51.50 8.75
Avg 914.99N3 15.12N| 44.26N| 5.88N1
o Best 921.50 16.82 57.71 9.95
: Avg 893.23N71 15.26N| 47.70N| 6. 48N1
5 Best 387.99 2.90 36.54 0.41
Avg 285.20 1.09R0 35.04KN| 0.11KR0

Further, theJ-V characteristics of the best solar cell (with 0.5 HAI) exhibited reduced
hysteresis ovehe pristine solar cel( Figure A2.11, Appendix 3. Reports suggeshatin
perovskite solar cells, the short circuit current hysteresis is inductdbgtates present
at the active layer interfacthat acts as a recombination centt® Hence, reduced
hysteresiss attributed to reduced recombinaticentresat the grain bondariesdue to the
high quality of theMAPbIs+HAI film with enhanced crystallinity and larger graifigther

resulting in improved fill factort80.181.211.217
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Later, the operational stability of solar cells containing HAI additive was investigated. To

do so, solar cells were fabricated@tass/ITO/Sn@ MAPDbIs+HAI / PTAA/ V205 Al
configuration. For the operational stability test of solar cells, passivatiers|ayePhenyt

Ce1-butyric acid (PCBA) and polystyrene were not used to minimise the influence on
degradation dynamicdJnfortunately, without the passivation layers, the solar cell
performance was reducefFigure A2.2, Appendix 3. However, it allowed the
photostability to be monitored associated with the active layer containing the HAI additive
232235 An optimum concentration of 0.5% was investigated for the photostability test.
Solar cells were illuminated witlvhite light with an intensity c80 mW cnm? at 4 0 for
1400 h Afterwards,the entire set of devices was exposed to white light of the higher
intensity of 60-70 mW cnPat 50 , from .ITHiDdxpertment wak | 4400
performed inside the glovebadr an inert environmentAfter 4400 hours of constant
illumination, the operational stability test revealed that reference solar cells containing
pristine MAPD} retained 60% of their initial efficiency. %o cell devices containing 0.5%

HAI maintained 8@ of their initial efficiency, demonstrating that adding HAI improves

the operational stability of MAPgbased solar cells undight and heat. Seleigure .
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Figure 19 Operational stability of MAPDbI 3 solar cellsdue toHAI additive.

Thus, enhanced/improved stability of MARDBIM was achieved due tdAl incorporation
MAPbDIsin precursor solutioh®,
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4.3 Photostability of MAPDI 3 thin films with pyridine -based ligands

Pyridine based compounds are heterocyclatdinbased compoundbatareconsidered
electrondeficient by natureFurthermore,The N atom in pyridine derivatives has been
demonstrated to be capable of interacting with Bbfect sitess lewis bas#, while P
defects sites act as Lewis actf. Because the N atom can undergo protonasiod
passivate defect sites as a chelating ligand, nitrbgsed chelating compounds afeen
used as passivation agents, which promote charge carrier trafS|Féft Therefore,
paticularly, the main interest has beanstudying the effects of pyridine derivatives as
additives forthe MAPDIz light-absorbing active layen this experiment. Following the
idea,bathophenanthrolineN@), -bmpyridyl (N2), 4-hydroxy-1,10phenanthrohe (N3),
bathocuproineN4), oxyquinoline 5) and 1,10 phenanthrolin@&§¢) wereinvestigated
44 The chemical structures of these additives are showigine9 , under t he secti

Material so
4.3.1 Photostability of thirfilms with pyridine-based ligands

The UV-vis results 6 fresh MAPDb} films illustrated that incorporation of additives in
MAPDIs precursor resulted in the blue shift of the absorbance edge, altering the bandgap
of the perovskite laye(Figure 20 2*°. The pristine MAPK displayed the absorbance
feature of the perovskite phase ~750 nm. Whereas the absorbance feature of perovskite
vanished foMAPbIz+N1and a small edge/bend appeared ~692WAPbIs+N2 depicted

the absorbance feature ~745 nm and maintained the perovskite phase. However,
MAPDbIz+N3 and MAPDbIz+N4 badly affected the perovskite structuesmd absorbance
feature corresponding to the perovskite phase, similtilfavas not observedVhereas
MAPDI+N5 and MAPDIz+N6 displayed absorbance featsirgf perovskite formation,

those were found ~730 nm and ~736 nm, respectif@fure 2@). Similarly, the blue
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shift was noticed for PL emission peaks uptomaddition of NANG6, with the reduction in

peak intensity compared to pristine (except for {f6yure 2m).
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Figure 20 (a) UV-vis absorption (b) PL emission peaks of pristine MAPbt and MAPbI 3 with
additives (N1-N6).

Further,the XRD analysis was done. The XRD of freghistine MAPDbg film showed
patterns consistent withecubic structure/phase of MARY{Figure A2.B, Appendix A2

241 However, XRD patterns of MAPbIs+N1 displayed deformation in the peak

corresponding to the perovskite phaased peak intensity as weakened drastically than

pristine MAPD§, implying the loss of crystalline natuoéthe film. On the contrary, XRD
of MAPbIz+N2exh bi t ed peak
structure, signifying the phase transition of MAPHF. Further, snaller and broadexRD

splitting at 14.02e¢

pes reflecting the perovskite structuereobservedn thecase ofMAPbIs+N3, which

was found to bessomewhat displaced compared to pristine MAPM2?43 Whereaghe

addition ofN4 showed similar behaviour dise addition ofN1, illustrating the deformity

of the perovskite structurddAPbls+N5 and MAPDIs+N6 shov similar XRD patterns
related to MAPKJ perovskite(Figure A2.B, Appendix AJ 44242244 Taple 7 summarises

125

and



UV-vis, PL, and XRD observations performed on fresh MARa@mplescontaining
additives N1-N6.

Table 17 Comparision of UV-vis, PL and XRD observationsfor the fresh MAPbI 3 +additive (N1-N6)

films*4

Additive in UV-vis peak position of MAPRI | PL peak position | XRD peak position of
MAPDbI; of MAPDbI3 MAPDI;

Pristine 750 nm 767 nm 14. 1e, 28. 4
N1 692 nm (peak diminishgd 734 nm peak diminishd

N2 745 nm 764 nm 14.02e¢e, 14. 2
N3 710 nm 723 nm 13.9e28468¢
N4 690 nm (peak diminishgd 746 nm peak diminishd

N5 730 nm 766 nm 14.02e¢e, 14. 2
N6 736 nm 758 nm 14.02e¢e, 14. 2

Next, all samples were subjected to a photostability test which was performed in a specially
designed degradation chamber integrated inside the glovebox with an inert atmosphere.
Finally, samples were exposed ttee continuous light illumination of intentyt 70-80 mwW

cm? around 5660 C for 1400 ht83

Despite the fact that the perovskdieucture had already been damaged by adding N1 to
the MAPDbE precursor, the UWis evolution of the MAPRBKN1 film showednegligible
modifications after photoaging for 1400 houfsigure 2H). The XRD patternalso
supportedhis (Figure 2Lb). That is whyN1 could not be taken as an ideal additive for
MAPDbI3 stabilisation. Whilethe U\tvis evolution of MAPbd+N2 films revealedhat the
absorbance feature of the perovskite structuas noticeable eveafter 1400 hours of
photoaging, signifying thaadding N2 to the MAPRIprecursor maintains the stability of
the MAPDE thin film (Figure21c). This stability could be mainlysaresult of a complex
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between Phland N2245246 which will be expresseldterinthes e ct i on of fA4. 3. 2
mechani sm of i mpr o v Alsogthe XR[A paitdrnitatl4y02 efithe h N2 0
photoaged film verifiecthe perovskite structuréFigure 2d). Nevertheless, the peak

intensity was reduced. Furthéd3 and N4 exhibi&d the same behawm as N1(Figure

21e-h). In the case oMAPDIs+N5 film, however, the absorbance feature of the peiteys

vanished after photoagirfgigure21i), the only a shoulder observed ~500 nm, representing

the disintegration of perovskite to RHlater, XRD patterns of the photoagdédPbls+N5

film displayed peak at 12. 6e an d:aBdlPhréspectivaty@&iguceili) ng Pb |l
247 Similarly, MAPDbIs+N6 also showed Pb formation and indicated tiétaddition did

not improve MAPK] photostability(Figure 2k-1). While pristine MAPbd decomposed to

Pbk and Pb as suspect&(Figure 2m-n).

Thus, the thin fil m pho-bipysdyl gNR2) impraved the e st Cot
intrinsic photostability of MAPK film and MAPbIz+N2 film was able to sustain

illumination for 1400 h while the pristine film degraddul.contrast, bathophenanthroline

(N1) deformed perovskite features of the active layer. Therefore it was not considered a

suitable additive in the context of the photovoltaic applicatidkewise, 4-hydroxy-1,10

phenanthroline (N3) wasnot consideredsawell.
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Figure 21 Evolution of UV-vis and XRD patterns of MAPbIs+N1 (a,b), MAPbIs+N2 (c,d),
MAPDI 3+N3 (e,f), MAPbIs+N4 (g,h), MAPbIs+N5 (1,j), MAPDI 3+N6 (k,I) and pristine MAPbI s (m,n)

respectively.* presentfas+pesentoeRbs ki te, L presents

4.3.2 Proposed mechanism of improved stability of MA®fdim with 4 -bipyridyl (N2)

Since it is known that the Pbsites in MAPb} act as Lewis acid, electrateficient
nitrogentbased heterocyclic compounds behave as lewis bases and their coordination
results in lewis acidbase adduct’®?4® Hence, the complex formation betweenRirid

N2 is expeted. Therefore to furthemonitor the effect of the additive on the MAPRDI

surface and morphology, AFM studies were performed.

The AFM images of pristine MAPpkshowed an inhomogeneous surface with more
significant clusters (Figure2a). On the contrary, AFM images dIAPDbIz+N2 resulted

in a homogeneous dense compact small granular like structure (FxpyrédBhough there
are morphological differences in pristine MARBId MAPDb}+N2 films, yet the RIS
roughness is similar. Upon ptoaging, the pristine MAPpIfiim shows pinholes,
indicating the photodegradation of the perovskite structure (Figaje@n the other hand,
MAPDbIz+N2 shows the growth of needl&e structurgthe brightest spots in Figure 22d)
indicating the formatin of a new complethat might have taken place and resulied

enhanced photostability of thitim (Figure 22d).
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Figure 22 AFM images (a) fresh pristine MAPDIs film. (b) fresh MAPDI 3+N2. (c) photoaged pristine
MAPDI 3 film (d) photoaged MAPbIs+N2 .4

Further, PL spectra of pristine aMiAPbls+N2 samples were measure#&iqureA2.14,
Appendix A2. The PL peak intensity suggests thash pristine MAPbg had a higher PL
peak intensity over MAPBtNZ2, implying that N2 might result in more noadiative
losses that could cause a reduction in egigzuit voltage and fill facto?* However, upon
photoaging, the PL emission peak for pristine MAPbécame extinct, whereas the
emission peak intensity faAPbIs+N2 turned out to be higher than the fresh stage. In
addition, the PL emission peasf MAPDbIz+N2 displayed a further blue shiupon
photoaging which could be attributed to complex formation upon N2 addition in MAPbI
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250 Finally, FTIR spectroscopy was performed to investigate the complex formation
(Figure 3).

[ NHstrech T praie ] |t

Pbl;(N2)
complex

Intensity, a.u

3500 3000 2500 2000 1500
Frequency,cm-

Figure 23 FTIR spectra fresh MAPblz and MAPDI 3+ N2 film

The FTIR spectra of pristine MAPY@xhibitedpeaksanalogougo perovskite structure at
1468 cm' and 1580 cm (N-H bend), 2926 crh(C-H bend), and 3136 chand 3175 cm
1(N-H stretch ), consistent with the literatdfé Whereas, foMAPbIs+N2, the NH bend
was found to be shifted at 1466 ¢rand 1573%&m™. Also, many minor peaksmerged-
1573 cmt, suggesting the formation of a new complex which is attributéaetBbh(N2)
complex?°2%1 |n addition,a minor peak of Pblappeared2965 cm' in conjunctionwith
C-H stretch ~ 2925 crh The peak corresponding tthe N-H stretch wee also noticed to
be shifted at 3130 cfmand 3178 cm because of PBIN2) complex formation. The peak
corresponding to complex formation wattributed to a minor ring stretch at 1436%cm
1490 cmt and 1573 cm 20, The peak at 1557 chwas ascribed to N2°° shown in the
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zoomed version of FTIR spect(&igure A2.5, Appendix 3. Besides, this complex
formation explains the reduction and shift of absorbance edge near 500 nm attributed to
Pbk 2% (Figure A2.B, Appendix 2. This complex formation later results in improved
stability of MAPDbIz+N2 thin film (Figure A2.77, Appendix 3.

Additionally, in an attempt to correlate material stane properties with improvement in

the photostability, the following has been observed:

Table 18 A Summary of all pyridine derivates investigatedas additives in MAPbIz

Additive Empirical | Molecular Melting
Stability formula | weight point (°C)
(g/mol)
a
7N

bathophenanthroli C,,H;(N,  332.40 218 - 222 Improves stability but L
e destroys perovskite =
(N1) features a
v-bipyridyl CyoHgN, 156.19 111.0 Improves stability and VAR
(N2) does not destroy a
perovskite features /3
—N
4-hydroxy- 1,10-  C;,HgN,0 196.20 214-215 Improves stability but ™
phenanthroline destroys perovskite 7
(N3) features = Sy
\ P
bathocuproine CygHy 0N,  360.460 283 Improves stability but H’C/ N A \%
(N4) destroys perovskite =/ =
features 3 \*
oxyquinoline CyH;NO 145.16 76 Does not destroy 5 j
(N5) perovskite features but S
decreases stability o
1,10 CoHgN, 180.21 118.56 Does not destroy S
phenanthroline perovskite features but N
(N6) decreases stability b

Additives with lower molecular weight (N2, N5 and N6) dot destroy perovskite
structure(observed both in UWis results and XRD patterns as shown in Figure 20a and
Figure A2.B, Appendix AJ. On the other handdditives with higher molecular weight

(N1, N3 and N4) are observed to destroy the perovskiteture Furthermore, it is also

132



noticed that MAPRI films with additives having a lower molecular weight (N2, N5 and
N6) show less shift in absorbance feature in the region ofi 4580 nm over pristine
perovskite. The absorbance feature at 500 nm is knovire tassociated with PbIThe

shift in absorbance feature in the 4550 nm region is due to the complex formation with
Pbbk. For the additives with higher molecular weight (N1, N3, and N4), the absorbance
feature in the region 45850nm disappears, ifwhting stronginteraction with Pkl and
additives (N1, N3 and N4), resulting itomplex formation with Pl] which upon
photoaging remains stable. Unfortunately, the complex formatfoRbk with higher
molecular additives (N1, N3 and N4) results in lokperovskite absorbance feature near
750 nm(Figure 20a)whichsuggests thalll, N3 and N4 are not ideal candidates here as
it is suspected that these additives will cause loss of optoelectronic properties, which is a
musthave feature for solar cell dees.Out of N2, N5 and N6, the complex formation of
Pbk with N5 and N6 is less stable against illumination than N2. Thus, comparing overall,
the complex formation of Phivith N1, N2, N3 and N4 are more stable against illumination
over N5 and N6. HowevgeSince the complex formation between FPdmd N2 does not
destroy the perovskite absorbance feature (Eigax), N2 is considered an ideal candidate

and investigated further.

4.3.3 Device performance with additivebipyridyl (N2)

SinceMAPDIs+N2 showed enhanced intrinsic photochemical stability, the additive was
further investigated in solar cell devices Hirp configuration (Figure4a). Concentration

of N2 was varied from 0.0% (pristine), 0.5%, 1%, 2.5%, 5% to 7.5%, % by wé&lyhtV
paraméers are shown in Figure4B. Unfortunately, the addition of N2 reduced PCE
slightly (15.4%) compared to pristine (16.9%). The best and average device performance
with various concentrati@of MAPDbIs+N2 is presented inTable AL, Appendix 2 The

smalldrop in PCE wa due to loweNqc and fill factor, which could be attributed to more
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nonradiative losse$*®. However, using excess BB or facilitation of charge trasport
by additional layers can be further applied in combination with N2 to achieve higher PCE

and is subject to further investigation and optimisation.

(a)
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(b) 10004 . . . . 24
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Figure 24 (a) device architecture (b) Impact ofthe addition of N2 onto photovoltaic parameters.
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Further, the hysteresis factor svaalculated for the optimum concentration (2.5%) and
compared with pristine, presented in FigReandTable A2, Appendix 2 The hysteresis

factor (HF) wa calculated with the formula reporteldewheré®?:

R

PCE v eR
=] GEL

Hyster esH+

Borward
reverse)

-
¢

Ut

Basedon 3}V and hysteresis parameters, it swabserved that the performance of
MAPDIs+N2 is compeable to pristine. Hence, MAP$IN2 can be utilised in photovoltaic

applicatiors.
0 . .
—0.0% (FS)
5 f-=0.0% (RS)
o __25% (FS)
S | . 2.5% (RS)
< 10
g -15
5
-20-_,_.....::::::‘.::: ------------ ”
0 200 400 600 800 1000
Voltage, mV
Figure 25 J-V curves of pristine vs 2.5% (best PCE) of N2 in MAPH
I n a nut s hel |bjpyritlyhN2)irapdoses the phatostability of MPbk thin

films and shows a decent comparable performance. However, the device stability test is a

furtherprospecof investigation in this case.
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5. Conclusions and Prospects

In the scope of this thesislection crteria for choosing additivefor the MAPDbk active

layer have been presented, which was absent other&esdier, reports often lacked to
answer how a particular additive was selected for further investigations? Therefore, it was
an absolute necessity classify the reported additivesid develop aelection criteon.
Following this, earlier reporteddditives were classified based on organic and inorganic
additives. The organic additives were later subcategorised based on Ntdam@ donor
atomand S donor atom mainly witie associated functional group. Inorganic additives
were subcategorised based on the groupemeriodic table. Following theamenotion,
twenty-threeadditives wergrimarily investigatedduring this work Both inorganicsalts

and organic additives were chosen to explore their influenteeontrinsic photostability

of MAPDbIs. Organic additives were further chosen based on their functional groups as
pyridine derivatives, acids, esters, ethers and othbssinitial reslts obtained fromtte
UV-Vis measurementshowedthat eight of the additives exhibited impved intrinsic
stability of thin films. Out of which, three additives were studied in defHilese three
additives arg(Lead iodide)Pbk with NMP, hydraziniumiodide (NeHsl/HAI) and =-
bipyridyl. For which, the conclusions are:

1 The photostability in the presenceafer stoichiometric lead iodide is correlated
with the choice of the correct solvent formulationthis case, the addition of NMP
co-solvent improvd the photostability of MAPARIthin films while excess Pbl
content is present in the active layer. Accordinthedindings, the NMP cosolvent
forms an adduct with Pb atoms, which inhibited destabilisation of the MA&/er
due to excess Pbtontent leading to improved stability against illuminationain
inert atmosphere Later by employing NMP cosolvent with 10% excess,,Pdr
improved PCE of 14.4% was obtained. Moreowgrjncorporating NMP as a €0
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solvent into the precursor and combining itttwiover stoichiometric Phl
photostable solar cell devices with a lifetime of up to 1500 hwars acheived

In the case oN:Hsl additive, the incorporation dfi2Hsl into MAPDIs precursor
improvedthe crystallinity of film,showedhe grain sizgrowthwith homogeneous
film morphology resulting in grain boundary passivation. Further, these
morphological improvements in the film were ascribed to intermediate formation
betweerN2Hsl and Pbi. This intermediate formaticsiowed down the degradation
proces and thirfilm sustained illumination for up to 1200, lafter which the
intermediate phasghanges to the cubic phase of MARGIo add on, inagorating
anoptimum amount olN2Hsl demonstrated@nproved power conversion efficiency
of 17.03% andperational stability of ~80% (of the initial stage) after 4400 h of
continuous illumination in an inert environment.

Similarly, =-bipyridyl in perovskite precursor resed in improved stabilityof
thin-film, sustaining illumination for 1400 h under areit atmospheréat was
perceived due to the presence of complex formed betweapyridyl and Pbj.
However, incorporation of=-bipyridyl resulted in comparable performance

(15.4%) to pristine one.

The highest operational stability in completed so#dr devices was demonstrated the

N2Hsl additive(4400 h). In comparison, Pokith NMP demonstrated operational stability

of sola cells up to 1500 h only. The higher operational stability dueNgHsl over
NMP+Pbb could be becaus# the intermediatéormation between pHsl andPbk, which

disappears upon photoaging ahelays perovskite degradatiofnother possible reason

could bethat the formedadductbetween NMP andPbbk is weak compared to the

adduct/intermediate phase of Phlith N2Hsl againstillumination. However, a further

experimental investigation would require comparing adducts with & NMP to

intermediate between PENdN2HsI.
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When compared to the current state of the art, the highest reportetystdiperovskite
solar cellsis more than 10000 h (~ 1 year) due2d/3D aminovaleric acid iodide
(HOOC(CH)4aNHs3)2Pbl)/CHsNH3sPbk perovskite junction(2D/3D perovskite junction
results ina mixed cationperovskite layer, which is not pure MARpIThe configuration
used was FTO/GTiO2/mp-TiO2/ZrOz(5-AVA) x(MA) 1.xPbk/Carbon However,compared

to a pure CENH3Pbk based active layer, the obtained result of 4400 h wiktsINaddition
stands at theop position to improve intrinsic photostability and thighest number of days
of operational solar cells, as shown in Figa@18 nonmetal additives, Appendix @&
should be emphasized here that in this thesis, PSCs performance and operational stability
tests were done ininp configuration. It is knowthat rri-p configuration results in slightly
higher efficiency over #-n configuration. MoreoversSnG was used as ETLPCBM
/PCBA was used as passivation layers, &Tdh or PTAAas HTL. These materials are
standard in the perovskite fabrication procedwiéh an effect known on the performance
and stability of MAPKd PSC. Therefore, it can be predicted that-ifrpconfiguration is
used with standard materiaach aPTAA as ETL the efficiency might be slightly lower.
The stabilityof the perovskite layeassociated with additive inquoration would be similar

to the thinfilm stability tests(Incase of PTAA as HTL in4p-n configuration devices will
exhibit similar trend of operational stability but incase of PEDOT:PSS devicelpyoba
will exhibit poor stability due to poor stability of PEDOT: PSS layer itself). It is known
fact thata change of charge transport layer might affect stabititshould be noted that
charge transport layeadsoplay a vital role in thetability of acomplete solar cell device
However,not only does the perovskite active layer suffer potinsic issues, but the
charge transport layer also suffers stability probleftserefore, Bw charge transport
layers( effect of which is unknown on the statylof solar cell)might be further tested to
investigate their impact on performance and stability in the presence of an additive,

following the similar approach as mentioned in this thesis.
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A further expansion of this thesis work would involve theordicahonitoring the
influence of additive incorporation on the electronic properties such as band structures, the
density of states using density functional theory (DA e obtained theoretical results
shall further be compared with experimental invesigatof electronic properties.
Experimental results can be obtained by using either of the techniques, samtleas
resolved photoemission spectroscopy (ARREBtron energy loss spectroscopy (EELS)
Ultraviolet photoelectron spectroscopy (UP&)d Scaming tunnding spectroscopy
(STS) In addition, the effect of additives on the semiconducting nature of perovskite
should be explored. Measurements of hole and electron mobdiksliffusion lengths

will reveal informaion about thesemiconducting chacteristicsof the perovskite layer
after additive inclusion. Charge transport measurensfiait also be investigated thcae
usually performed using a space charge limited current m@&@LC) Furthermore,
changs in the crystal structure of the MAPbperovskitedue to additive showing
stabilization effect mudbe studied theoretically and experimentally in detail. This will
allow correlating theoretical and experimental studies to estahiishtigepropery
relationships, Wich can be useful to ssciate additive influence on intrinsic stability.

Apart from the mentioned abowvi should benoted thatthe typical donor atom in these
additivesshowing the stabilising effets the N atom. The cosolvent NMP the case of

Pbbk additive the additives hydrazinium iodide amdbipyridyl, all of these compounds
are amine derivativesiowever,NMP does contain the carbonyl grolpt is considered

an amine derivative due to its Nitrogeantaining ringlike structure Therefore it is
suggeted thatcompounds containing amines can play a crucial role in overcoming the
intrinsic photostability issueassociated with MAPBI Further researchers should focus

on designingiewamine containing additives.

A future prospect itthe broad area @dditive investigationshould focus on developing an

artificial intelligencebased system/ machine learning/ depository to compare the
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morphological and optoelectronic properties with the molecular structure of investigated
additives and their influence oh@ostability in given conditions sintieere was no proper

rule to select the correct/suitable material aichieve stabilization effect until now
Thereforeit is the need of the hour to designtool to performsystematicstatistical
investigationThis,in turn, will help researchers to select matsiialdesign new additives

to stabilize MAPK4. Although newly designed additives woults@ requirea further
experimental investigation in practical terrmie lright side of havingmartificial system

is that researcherwill be able to see all of the information requireddevelopa more
rational design of additivesAt the same time, it must be noted that émmeration
approachi(e. thin film and device stability test) Mvstill be the key to very additive
influence on the stability of the perovskite layénformation from the artificial
intelligencebased system can be used to design new additases$ experimental
investigation of newly designed additives should be followed in the seqasrmawn in
Figure 26. An internationally recognised depository should be created for the research
community to follow such steps shown in Figure 26, which would provide at a glance
updated information to researchers and scientistsdeepcomprehensive gxtoration of

the physical and chemical phenomdegausehe artificially intelligent system would be
limited to only widely screefor a fewdefinedparametersTherefore, artificial intelligence
systems should be limited to collecting information rfmaterial structure properties and
their effect on stability, which should be available for human comprehengdtonately

leadingto a more rational design afiditives

Another prospect in additives investigation is thdtlitives should also be examihen
largearea devicesCurrently, the majority of research reports are based on small area
devices. Nevertheless, largeea devices will be required for commercial purpose
However, morphology, performance, distribution of surface defects, grainasiddrap
states will be changed when the large @aemsed. Therefore, the fabrication of lat@ea

devicesusing additivess another prospect that requires high PCE and stalailaghieve.
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Figure 26 Additive investigation using artificial intelligence system based on machine

learning/depository, combined with enumeration approach
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Figure AO. 1 Chemical structures of amineadditives for MAPbI s PSC>8
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Figure AO. 2 Chemical structures of nitrile additives in MAPbls PSC38
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Figure AO. 3 Influence of additives with N donor atoms (amines and nitriles) othe photostability of
MAPDI s photoactive layer. Here extrinsic represents ambient test conditions while intrinsic represent
inert test conditions 8
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Figure AO. 10 Influence of additives with O donor atomon the photostability of MAPbIs photoactive
layer. Here extrinsic represents ambient test conditions while intrinsic represent inert test conditions
The additives were subcategorised based on relevant functional groups as carbonyl/sulfonyl, acids,
acetates, ester and ether and alcohahd other multifunctional groups.5®
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Figure A0. 11 Chemical structures of organosulphur additives for MAPbk PSC.58
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Figure AO. 12 Influence of additives with S donor atom onto the photostability of MAPb$ active
layer.5®
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Figure A0. 13 Chemical structures of alkane based additives for MAPRIPSC.%8
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Figure AO. 14 Chemical structures of alkali metal additives for MAPbIz PSC5®
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Figure AO. 15 Chemical structures of transition metal additivesfor MAPbI 3 PSC.58
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Figure A0. 16 Chemical structures of other metal additives in MAPbEPSC.5®
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Figure AO. 17 Chemical structure of nonmetal halide additives for MAPblz PSC>®
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Figure AO. 18 Comparison of the influence of inorganic additives belonging to alkali metal salts,
transition metal halides, other metal additives and nofmetal additives onto photostability of
MAPDbI 3 photoactive layer for PSC%8
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Appendix 1. UV-Vis Evolution of Investigated Additives
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Appendix 2. Supplkementary Material
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Figure A2. 1 Comparision of Chemical structure of solvents (a) DMF (b) NMP
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Figure A2. 2 (a) XRD patterns of fresh films. (be) SEM images of fresh films.
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Figure A2. 3 Qualitative analysis of XRD patterns of photoagedMAPblI 3 films
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Figure A2. 4 XPS valence band spectra of MAPhithin film with excess of Pbl2 (a) from pure DMF

Figure A2. 5 Deviceperformance with overstoichiometric Pbk prepared from DMF/NMP cosolvent
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Figure A2. 7 Diffraction intensity of XRD pattern vs FWHM Vs average crystallite size in thin films
with 0% & 15% HAI concentration. (a) for fresh films . (b) for photoaged films!8°
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Figure A2. 8 Atomic ratio of I: Pb for the film with and without hydrazinium iodide , before and after
photoaging. 80
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Figure A2.9 (a) PL spectra of the MAPbk films without (0% HAI) /pristine and 15% HAI. (b) Power
dependent PL excitation spectra of MAPD4 films with 0% HAI and 15 % HAI addition. (c) K factor
of MAPDI 3 films without and with HAI. 18
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