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Abstract

Perovskite Solar Cells (PSCs) have grabbed global attention of the researchers due to their
outstanding Photovoltaic (PV) performance. PSCs have the potential to be the future of the
PV technology as they can generate power with performance being comparable with the
leading Silicon solar cells, with the cost being lower than Silicon solar cells. The enormous
potential of PSCs is evident from the fact that the efficiency of these cells has risen from 3.8%

to 25.5% within a decade, and it is continuously rising to date.

In my thesis, | investigate the impact of ions in the bulk of perovskite and also look at the ETL-
perovskite interface to create a simpler, more efficient, more reproducible and more stable
system for PSCs. At first, | managed to achieve high efficiency devices with the standard triple
cation perovskite on both planar and mesoporous n-i-p ETL device architecture. Adding Kl to
the already established compositions showed a boost in performance of the solar cells while
significantly reducing hysteresis. We then performed a systematic study of Kl on various
perovskite compositions comprised of FA, MA, Cs, Rb, | and Br ions. We demonstrated that Ki
reacts with the bromide ions in perovskite passivating the grains leading to a red shift hence

and improvement in current density as well as efficiency.

MAPbBr3 is generally used is small proportions along with FAPbIs to stabilise the phase of
FAPbIs. But the effect of Br ions on the perovskite performance was relatively unknown. The
introduction of Br ions in the lattice causes a blue shift in the band gap pushing it further
away from the ideal Shockley-Quessier limit. On top of this, the effect of MAPbBr3 on phase
stability of FAPbIs is similar to the effect of CsPbls. This led me to examine the impact of
reduced bromine concentration of the device performance. Interestingly, reducing the
bromine concentration not only leads to a red shift in band gap, hence increasing the current
density but also causes a reduced voltage loss resulting in much superior performance.
Moreover, the Br ions cause increased halide diffusion in the bulk leading to decreased

stability with higher the bromide concentration.

While perovskite composition plays an important role in defining the device characteristics,
it could be argued that the interfaces play an equally important role in doing the same. With
the rise in usage of Sn0O; as viable substitute for TiO; as ETL, | explore the effect of using TiO>
particles that exhibit similar properties to the SnO; particles. These smaller size TiO;

nanoparticles can form a very thin, compact, uniform and pin-hole free layer with a



morphology that follows the morphology of FTO. This results in a reduced recombination in
the interface of TiO; and perovskite causing the open circuit voltage and hence the device

performance to improve significantly.

Résumé
Les cellules solaires a perovskite ont attiré I'attention des chercheurs du monde entier grace

a leurs performances photovoltaiques exceptionnelles. Les cellules solaires a perovskite
pourraient étre l'avenir de la technologie photovoltaique, car elles peuvent générer de
I'énergie avec des performances comparables a celles des principales cellules solaires en
silicium, tout en étant moins chéres que ces derniéres. L'énorme potentiel des cellules
solaires a perovskite est évident, comme le prouve l'augmentation de l'efficacité de ces
cellules, qui est passée de 3,8% a 25,5% en une décennie, et qui continue d'augmenter encore

aujourd'hui.

Dans ma thése, j'analyse I'impact des ions dans la masse de perovskite et je m'intéresse
également a l'interface ETL-perovskite pour créer un systeme plus simple, plus efficace, plus
reproductible et plus stable pour les cellules solaires a perovskite. Tout d'abord, je suis
parvenu a mettre au point des dispositifs a haute efficacité avec la perovskite a triple cation
standard, sur des architectures de dispositif n-i-p ETL a la fois planaire et mésoporeux. L'ajout
de Kl aux compositions déja établies a permis d'améliorer les performances des cellules
solaires tout en réduisant considérablement I'hystérésis. Par la suite, nous avons effectué une
étude systématique du Kl sur diverses compositions de perovskite composées d'ions FA, MA,
Cs, Rb, I et Br. Nous avons démontré que le Kl réagit avec les ions bromure dans la perovskite
en passivant les grains, ce qui entraine un décalage vers le rouge et une amélioration de la

densité de courant ainsi que de I'efficacité.

Le MAPDbBr3 est généralement utilisé dans de petites quantités avec le FAPbI3 pour stabiliser
la phase de FAPbI3. Mais les effets des ions Br sur les performances de la pérovskite étaient
relativement inconnus. L'introduction d'ions Br dans le réseau provoque un décalage vers le
bleu dans la band gap, I'éloignant davantage de la limite idéale de Shockley-Quessier. Par
ailleurs, I'effet du MAPbBr3 sur la stabilité de la phase de FAPbI3 est similaire a I'effet du

CsPbl3. Cela m'a conduit a examiner I'impact d'une concentration réduite de bromure sur les



performances de |'appareil. Il est intéressant de noter que la réduction de la concentration
de bromure entraine non seulement un décalage vers le rouge de la band gap, augmentant
ainsi la densité du courant, mais elle provoque également une réduction de la perte de
tension, qui résulte en des performances bien supérieures. De plus, les ions Br déclenchent
une diffusion accrue des halogénures dans la masse conduisant a une stabilité réduire avec

une concentration de bromure plus élevée.

Alors que la composition de la perovskite joue un réle important dans la définition des
caractéristiques de l'appareil, on pourrait affirmer que les interfaces jouent un role tout aussi
important a cet égard. Avec l'augmentation de I'utilisation du SnO2 comme substitut viable
du TiO2 en tant que ETL, j'explore I'effet de |'utilisation de particules de TiO2 qui présentent
des propriétés similaires a celles des particules SnO2. Ces nanoparticules TiO2 de plus petite
petite taille peuvent former une couche trés mince, compacte, uniforme et dépourvue
de trous avec une morphologie qui suit celle du FTO. Cela se traduit par une recombinaison
réduire dans l'interface du TiO2 et de la perovskite, ce qui entraine une amélioration

significative de la tension en circuit ouvert et donc des performances de I'appareil.
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Chapter 1. Introduction

CH3NH3Pbls as a suitable perovskite light absorber was first introduced by Miyasaka et.al.!
Since then, PSCs have rapidly improved with certified efficiencies of 25.5% (Fig 1.).2 These
materials show excellent optical and electronic properties for photovoltaic applications and
could be a cheaper alternative to existing silicon technologies.® This has sparked enormous
interests in this field. But because of the novelty of the field, there is a lot still needed to be
understood about these materials and the different factors that affect its performance in a
device. In my thesis, we look into the effect of various components in the composition of

perovskite as well as the effect of the ETL-perovskite interface on PSCs.
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Fig 1. NREL chart of efficiency showing the current record efficiency for perovskite held by

UNIST at 25.5% followed closely by EPFL at 25.4%.

Perovskite as light absorber

Perovskite crystal is a cubic AMX3 structure, where A generally is an organic cation, M is a
divalent metal and X is a halide (A = aliphatic or aromatic ammonium, M = Pb?*, Sn?*, X = CI,
Br, I'). In an ideal perovskite structure featuring cubic-symmetry, the M cation is in 6-fold
coordination, surrounded by an octahedron of anions (MXg), while A cation is 12-fold

coordinated. The MXs octahedra constitute a three-dimensional network in which they share



corners with each other. Within this framework, the A cations fill in the space between the
octahedra, balancing the charge of the entire network. Based on the space available in the
octahedra, one can choose an appropriate A cation. Goldschmidt derived a general formula
for cubic perovskites called the Goldschmidt tolerance factor t* (Eq.1) which can be used to
determine whether an A cation can form perovskite given the M and X elements. The

equation is as follows:

. a4+ 7Tx
2(ry +1x)

where r is the corresponding ionic radius in an AMX3 perovskite

Fig 2. The schematic diagram of perovskite crystal structure ABX3, where A is monovalent

cation, B is a divalent metal cation and X is an anion. Adapted from Ref®
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After over a decade of research we have established that for the most efficient PSCs, A is
either CH3sNHs (methyammonium or MA), NH2(CH)NH; (formamidinium or FA) or a mix of
both; M is Pb and X is predominantly lodine mixed with some bromine. Initial success in the
field of PSC was obtained with MAPbIs(MAPI). MAPI in the cubic phase® (Fig 3 (a)) showed
high absorption coefficient (10% - 10° cm™)”8, a bandgap of around 1.59 eV°1, and an exciton
binding energy less than 50meV?!2. This along with facile low temperature crystallisation
allowed MAPI to obtain efficiencies between 10-15%'3'# swiftly. Around the same time
period researchers discovered FAPbls (FAPI)!>1®, FAPI showed slightly lower bandgap which
made it a better candidate as an absorber material since theoretically it was closer to the
Shockley-Queisser limit due to its larger size (Fig 3 (b)) which distorts the lattice hence

reducing the bandgap’*8 (Fig 4).
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Fig 3. Crystal structure of (a) MAPI and (b) FAPI. Taken from Ref*®



1o ::::'33 Table 1. Estimated bandgap from PL for different MA and FA ratio
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Fig 4. PL emission for different MA and FA ratio showing a red shift for pure FA

compositions. Taken from Ref?°

Although FAPI and MAPI both show tremendous light absorption ability?!, the interaction of
FA cations with the surrounding Pbls octahedra was stronger than that of MA cations due to
the higher probability of forming hydrogen bonds??2. It can also be demonstrated that the
substitution of MA* with FA* cations inside the inorganic cage leads to greater robustness for
the overall lattice and extends the material durability due to a different interaction between
the organic molecules and the inorganic cage?3. As a result, the perovskite phase (a-phase,
cubic) of FAPI may be a better solar material than MAPI, due to the improved stability?#2> and

lower bandgap?®?’.

Even though a-FAPI (Fig 5a) is the desired phase, unfortunately a-FAPI transforms
spontaneously into the undesirable 6-FAPI (Fig 5b) at room temperature?®-39, which hindered
its practical application in stable photovoltaic devices. To stabilize the a-FAPI perovskite
lattice, cesium cations (Cs*)3, which have a smaller ionic radius and stability against heat are
partially replaced with FA*32, Addition of Cs not only improved the stability of the phase but
it also helped in improving device performance33. Following this Saliba et.al**. showed that
adding Rb along with Cs can further improve stability as well as efficiency. In chapter 1 of my

thesis, we look at the impact of further adding Kl in perovskite.



Fig 5. Schematic of the lattice structure of FAPI perovskite in A. a and B. 6 phase. Taken

from ref3®

Mixing halides (CI, I and Br’) is another approach that was used to tune the bandgap of
perovskite (Fig 6) while also stabilising the phase of FAPI3®37, But in recent studies we have
seen that reducing the quantity of Br- and driving the composition as close as possible to pure
FAPI could not only improve the device efficiency due to lower bandgap but also improve the
stability of the device3®3° implying that the role of halide ions is still not very clear. A lot of
different strategies are employed to stabilise the devices including introducing hydrophobic
2D organic molecules in the bulk of perovskite?®*! to passivate the perovskite grains and
interfaces to treating the interfaces themselves*?*® to create a more stable architecture
which prevents destructive interaction with the surroundings. But it is without a doubt that
perovskite composition is a key factor in defining its ability to perform as a durable and
efficient solar cell. In chapter 2 of my thesis, we look at the role of bromide ions in the

perovskite composition.
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Fig 6. PL spectra of triple cation perovskites with halide compositions ranging from

Clo.2Bro.s to l1o. Taken from Ref3!

Device architecture and Electron transport layer

PSC devices are composed of mainly a n-i-p structure where the perovskite layer acts as the
light absorber and the light enters through the n-type layer. The typical device architecture is
composed of six layers, namely (1) transparent electrode (commonly fluorine-doped tin
oxide, FTO), (2) n-type semiconductor as electron transporting layer (ETL), (3) photoactive
perovskite, (4) p-type semiconductor as hole transporting layer (HTL) and (5) the metallic

electrode (commonly gold, silver or carbon).

The most important characteristic of an ETL is that it must satisfy the band alignment
requirement with the perovskite layer*, i.e. it should have the energy level of the lowest
unoccupied molecular orbital (LUMO) slightly below and highest occupied molecular orbital
(HOMO) below that of the perovskite active layer. It must have high transmittance in the UV-
Vis region so that a photon can pass through easily and be absorbed by the perovskite
absorber. On top of that the ETL morphology plays a key role in the growth of perovskite

crystals®4/,
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Fig 7. Schematic of (a) n-i-p architecture (b) p-i-n architecture (c) n-i-p architecture with

mesoporous TiOz and (d) Band diagram for the device structure with TiO,. Taken from Ref*®

TiO2 as ETL

TiO; was first popularised as a photoanode in DSSC**° which then led to its usage in PSCs as
well. The photoanode was composed of a thin compact TiOz layer>! covered by a thicker TiO;
mesoporous>? film. There are various ways of depositing the compact layer which includes
ALD deposition®3, spin coating®*, thermal oxidation®>, electrochemical deposition®® or spray
pyrolysis®>’. Spray pyrolysis is the most popular method as it is scalable, fast, cheap and
effective. The mesoporous film however, is deposited by spin coating. In general, for effective
carrier extraction the layers are in anatase phase. To achieve this phase the layers are
generally annealed at high temperature (450°C)*%. Even though TiO2 is well established it
suffers from various issues such as unwanted surface recombination®?, UV light degradation®
and use of high temperature for film formation®. All these factors make it essential to look

for alternatives for TiO; or modify the TiO; to avoid the above-mentioned issues. In chapter 3



of my thesis, we look at one such alternative and explore the impact of the size of TiO; on its

performance as an ETL.
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Fig 8. Representative image of all 3 chapters where the KBr settles on the grain boundaries,
the halide ions mobilise towards the top interface of perovskite due to an electric field and

defects form at the mesoporous TiO; and perovskite interface.



Chapter 2: Impact of Kl on various perovskite compositions

Perovskite solar cells (PSCs) have attracted tremendous attention in recent years due to an
unprecedented rise in power conversion efficiencies (PCEs) from 3.9%! in 2009 to now
25.5%2. These perovskite materials are ABX3 structures where A = methylammonium (MA),
formamidinium (FA), or Cs; B = Pb or Sn; X = Cl, Br, or I. The solution processability of
perovskites make them a very attractive candidate for commercialization. However, long-
term stability and the ever-daunting danger of hysteresis caused by migration of highly mobile
ions®? still preclude PSCs from commercialisation. Thus far, the highest efficiency devices
contain a mesoporous TiO; layer sintered at high temperature up to 450 °C. Currently, the so-
called planar configuration, which does not have a mesoporous layer and high-temperature
sintering, produces slightly lower efficiencies at a certified 23.3% using, for example, a planar

Sn0; layer®?.

For a one-step deposition method, one of the highest efficiency and stability reported uses a
cation mixture of Rb, Cs, MA, and FA. Cs was shown to improve the phase stability of FAMA
perovskites by reducing yellow phase impurities3 which was further improved by adding Rb®3.
The resulting perovskites have higher recombination resistance®® and improved device
performances as well as one of the highest open-circuit voltages (Voc) at 1.24 V (for a band
gap of 1.63 eV)34. Improving the Rb-containing perovskites is challenging since the device
parameters are relatively high already. Moreover, so far the transition towards a planar
architecture has not been achieved which often suffer from lower photocurrents, hysteresis

and a lower fill factor.

The motivation for adding Rb was inspired by increasing entropy in order to achieve a phase-
stable, photoactive “black phase”. Thus, we explore the use of an additional cation, i.e.
potassium (K) as it is oxidation stable and only slightly smaller than Rb. The introduction of K
is counter-intuitive because it forms only the yellow ABX3 given its very low tolerance factor
t (Eql) which is a geometrical measure for lattice distortion. However, similar to Rb, which by
itself does not form a black phase, K can also aid the phase stability by passivating the grain
boundaries while at the same time improving the film morphology. This has been reported by

various groups using Kl in FAMA and FAMACs with PCEs of over 20%.5>%6



In this work, we explore the multi-cation theme fully using K systematically to map out all the
feasible compounds, i.e. KFA, KMAFA, KCsFA, KRbFA, KCsRbFA, KCsMAFA, KRbMAFA and
KRbCsMAFA. For this, we adopt a conventional n-i-p architecture comparing mesoporous TiO>
and planar SnO; electron transport layers (ETLs) with glass/fluorine-doped tin oxide/ETL -
/mesoporous TiO,/perovskite/spiro-OMeTAD/Au. We observe higher efficiencies using Kl in
each of the above mentioned architectures as shown in (Supplementary information).
Interestingly, as previously reported, the highest efficiencies followed the trend of higher
complexity, in our case the KI with FAMACs and FAMACsRb perovskites. The Kl in FAMACsRb
mixture resulted in a PCE of 21.7% (slightly higher than quadruple). More importantly, using
K reduced hysteresis drastically, which is a particular challenge for planar PSCs. This shows
that K addition offers added, unexpected advantages. Hence, we investigate the 4 and the 5

cation systems in detail.

In order to understand the effect of K+ cation in perovskite we studied all the FA based
perovskite composition because FA is thermally more stable than MA and has a more
favourable bandgap with the highest efficiencies in literature having been reported with
predominantly FA based perovskites®®’. Hence, we studied a total of eight compositions all
containing FA and K. We found that for higher number of A type cations i.e. more complex
systems, the effect of KI on device parameters could be clearly observed. To further

understand this, we characterised all the different compositions using PL, UV-Vis and XRD.

It is well reported that FAPbI3 forms a photoinactive yellow §-phase at room temperature®°,
To stabilize the black perovskite phase, mixed cation MA and FA was used which exhibited
PCEs of over 25%’°. However, even with MA, often impurities remain’%’2. An introduction of
Cs at the A-site in this mixed perovskite improves the thermal stability of the perovskite and
provides devices with both high efficiency and improved stability33. There are reports that
incorporation of K can also supress the photoinactive §-phase’3. We noticed that the
introduction of Kl in the perovskite suppressed the §-phase for quadruple (see Supplementary

Information) and quintuple (Fig 1A) perovskite composition. This shows that Kl has a


https://latex-staging.easygenerator.com/eqneditor/editor.php?latex=%20t%20%3D%20/frac%7br_A%20%2B%20r_X%7d%7b/sqrt%7b2(r_M%20%2B%20r_X)%7d%7d%20/%20/%20/%20/%20/%20/%20/%20/%20/%20/%20/%20/%E2%80%A6%E2%80%A6...%E2%80%A6%E2%80%A6..Eq%201#0

stabilizing effect on the phase of the perovskite. We also do not see any shift in the peak
positions implying that the potassium does not go into the lattice which is similar to what has
already been reported for Rubidium and Potassium’#7>. Furthermore, (Supp Info) we observe
that for perovskite compositions with bromine in it the peaks of excess Kl is found only for
higher concentrations (more than 10 mol%) for KI whereas for no-bromine systems we could
observe excess Kl even at 5% concentration of Kl for certain compositions. This further
illustrates the hypothesis that K reacts with Br and is not a substantial part of the actual

perovskite lattice.

We performed PL and UV-Vis measurements for all the above-mentioned compositions (Supp
figure). We notice a visible red-shift for the PL peak position and also the absorption on-set
(see Fig 1B) which is in line with the PL’® and UV-Vis’” measurements already reported with
KI doping in perovskite. We notice a similar nature as in XRD where the perovskite
compositions containing bromine show the red shift for Kl incorporation whereas the

compositions without bromine had no shift.

Scanning electron microscopy (SEM) top surface images were taken (Fig 1C & 1D). We found
that potassium incorporation improves the grain size significantly compared to 4 cation
(CsMAFARDb) perovskite which is similar to the effect of Rubidium on the film crystallinity but
better. Thus, we conclude, that morphology improvement is an additional benefit of

potassium incorporation.
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Fig 1 A. XRD data for 5 cation perovskites with different concentrations of Kl (1, 2.5, 5, 10 &
20 mol%). The * denotes the Kl peaks and # denotes the §-phase peak. B. Normalized PL and
UV-Vis absorption spectroscopy curve for 4 cation FAMACsRb and 5 cation FAMACsRbK films
showing a red shift for the 5 cation perovskite with 5 mol% Kl incorporation. C. SEM top view
of 4 cation FAMACsRb perovskite on meso-TiO,. D. SEM top view of 5 cation FAMACsRbK

perovskite on meso-TiO; showing improved grain size. (scale bar shown is 500 nm)

JV data

To verify whether the shift in bandgap translates into the device, we constructed solar cells
with the device architecture of FTO/b-SnO,/Perovskite/Spiro-OMeTAD/Au. All the above
mentioned perovskite compositions were studied to study the Kl effect on device
performances. All devices were measured using a mask area of 0.16cm? at a scan rate of
10mVs? without any preconditioning. For KFAPbI3(ii), KRbFARbI3(iii), KCsFAPbI3 (iv), and
KRbCsFAPbI3 (v), the addition of K helped improving the efficiency but the change is not
significant. However, for mixed MAFA compositions the effect of K is more evident. We
noticed that the hysteresis drops markedly from 2% to almost zero for 5 cation perovskites
implying that more complex systems show better performance. This is consistent with
previous reports of a reduced hysteresis’®7° using K. There is a significant improvement in
current of about 0.6 mA/cm? for 5 cation KRbCsMAFA compared to the best control device
with RbCsMAFA system. The improvement in current is also reflected in the IPCE

measurements where we can observe atleast 2 % improvement in integrated Jsc and a clear



red shift of 5nm. This red shift matches with the red shift observed in PL emission measured

for 5 cation perovskite.

For 5 cation perovskites, the champion device showed a high efficiencies of 21.7% (for a
mesoporous TiO; architecture) with a Voc = 1.168V, Jsc = 23.37, FF = 79.6% and a hysteresis of
1.4%. For planar SnO;, the PCE was 20.8% with a Voc = 1.167V, Jsc = 22.6, FF = 78.9% and a
negligible hysteresis of 0.1%. The current values are very close to values obtained from IPCE
measurements. The maximum power point (MPP) tracking for all the devices was very stable

and close to the efficiency of the device measured by scanning the J-V curves.
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Fig 2 A. JV curve for 5 cation mesoporous champion device with a stabbilized MPP of 21.7%
efficiency. B. JV curve for 5 cation planar champion device with an MPP of 20.8% efficiency.
C. IPCE comparison between 4 and 5 cation perovskite showing a slight red shift

(approximately 5 nm) for the onset and higher EQE for 5 cation beyond 580 nm resulting in



higher integrated Js.. D. Trend of hysteresis for different compositions starting with very high
hysteresis for 2 cation FAK perovskite to very low and almost no hysteresis for 5 cation

FAMACsRbK perovskite composition.

While perovskite solar cells can give high performance, it is well documented that the devices
can degrade quickly in air, under light and elevated heat®%8!, The degradation due to high
temperature has been attributed to the gold migration into the HTM where interface
passivation can help significantly to improve stability??. However, degradation due to
moisture and light directly affects the perovskite material®. Previous reports show an
improved stability upon addition of Cs3* and Rb3*. In our work, we show a further
improvement in terms of shelf life where the 5 cation devices were found to be more stable
than both the standard 3 cation and 4 cation perovskites. In addition, under 1 sun illumination
for 500 hours at room temperature, 5 cation perovskites retained higher efficiencies
compared to 4 cation (which was previously reported as the most stable composition). In
addition, we performed dark recovery tests and found that 5 cation perovskite devices

retained over 94% of their initial efficiency whereas the 4 cation retained only close 86%.

Temperature fluctuations can also cause serious degradation.® As the devices with K showed
higher recovery, we followed up with a temperature cycling test for the 4 and 5 cation devices
by cycling the temperature from -10 to 40 °C and then back to -10°C 50 times. The 5 cation
devices again showed much better performance retaining over 80% of initial efficiency

whereas the 4 cation retained only 60%.
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Fig 3 A. Shelf life for 3, 4 and 5 cation devices stored in an environment of 5-10% RH for 2000

hours. B. MPP comparison between 4 and 5 cation perovskite for 500 hours at room

temperature under 1 sun illumination showing improved stability and much better recovery

(dashed lines) for 5 cation (94%) compared to 4 cation (86%). Both devices used were above

21%. C. Temperature cycling process used for the cycling test ranging from -10 °C to 40 °C

with 2 hours operation time for one complete cycle. D. JV performance of 5 and 4 cation

devices pre and post cycling test showing 5 cation retains close to 80% of initial efficiency

whereas 4 cation retains only 65%.

Table 1: Pre and post cycling JV parameters for 4 and 5 cation perovskite devices

Voc (V)

Jsc (mA/cm?)

FF (%) | Efficiency(%)

Degradation(%)




4 cation pre-cycling | 1.163 22.4375 76.4 19.88 34.7

4 cation post-cycling | 1.05 22.125 55.55 12.98
5 cation pre-cycling | 1.163 22.4675 77.8 20.34 19.33
5 cation post-cycling | 1.085 22.3125 68.01 16.41

In this work, we meticulously examined the effect of Kl in various perovskite compositions
containing FA, MA, Cs and Rb. We show that Kl reacts with the Br-ion causing the bandgap of
the absorber to red shift. This red shift is not seen with compositions not containing any Br-
ions. This red shifts results in increased Jsc and hence increased efficiency with minimal
hysteresis for perovskite containing all the above-mentioned cations. We also observe an
improved stability with higher recovery for perovskite composition containing KI. We were
able to demonstrate that addition of Kl to the perovskite enhances structural stability as it

allows for sustained temperature recycling.
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Comparing 3,4 and 5 cation perovskite composition JV performance parameters
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Fig S4. Device parameters for 3,4 and 5 cation devices on SnO; ETL.
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Table S1. Efficiency for different concentrations of Cs,Rb and K in 5 cation perovskite (in %)
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Fig S6. Box plot comparing the device parameters for various compositions containing 3% KI.

Perovskite precursor solution

The perovskite films were deposited using single-step deposition method from the precursor
solution. 1.5 M Pbl, (TCI) and PbBr; solutions were prepared in a mixture of DMF (99.8%,
Acros) and DMSO (99.7%, Acros) in volume ratio 4:1. Then 1.25 mol of FAl and MAI (Dyesol)
was added into 1 ml of Pbl; and 1.25 mol MABr (Dyesol) was added to 1 ml PbBr; solutions.
Thereafter, 1.5M Csl, Rbl and KI (ABCR, GmbH, ultra dry; 99.998%) solution was prepared in
DMSO. The solutions were added in appropriate ratios to together to obtain the final
perovskite solution. The precursor solution was spin-coated onto the mesoporous TiO; films
in a two-step programme at 1000 and 4000 r.p.m. for 10 and 25 s, respectively. During the
second step, 200 pl of chlorobenzene (99.8%, Acros) was dropped on the spinning substrate
5 s prior to the end of the programme. This was followed by annealing the films at 100 °C for

60 min.



Chapter 3: Reduced halide diffusion in triple cation perovskite solar

cells for improved charge extraction and operational stability

(to be submitted, abstract under preparation)

Halide ions play a major role in defining the bandgap and optoelectronic properties of
metal-halide perovskite semiconductors. Addition of bromide to iodide-based perovskite
increases the bandgap which is undesired for attaining the optimum performance in a
single-junction solar cell. We show that the increased diffusion of halide vacancies with
higher bromide concentration contributes to charge recombination that consequently
reduces current density critical to the device performance. We demonstrate that lowering
the bromide concentration in the perovskite composition can achieve high efficiencies with
greater reproducibility compared to higher bromide concentration. In addition, this
performance was accompanied by an improved stability of spiro-OMeTAD hole-
transporting-material-based devices, maintaining over 95% of the initial performance for

500 hours at room temperature upon continuous illumination.

Solar cells composed of organic-inorganic halide materials have made impressive progress in
just a few years with maximum power-conversion efficiency (PCE) evolving from 3.8%% in
2009 to a certified 25.5 %%. This unprecedented rise in the PCE is largely driven by
compositional engineering. Eperon et. al.'’” introduced the formamidinium (FA) to replace the
methylammonium (CHsNHs*, MA) cation in 2014, which enabled tuning the band gap from
1.53 eV to 1.48 eV, increasing the theoretical efficiency limit from 31% to 32% (Fig. S1).
However, the measured performance of solar cells containing the FAPbls compositions was
lower than for MAPbIs.*® This is because the black perovskite-type polymorph (a-phase),
which is stable at relatively high temperatures (above 150 °C) turns into the yellow FAPbI;
polymorph (6-phase) under ambient conditions.®® Stability of the a-phase was improved by
employing mixtures of FA and MA. Introducing this approach of mixed cations, Pellet et al.,2®
demonstrated a PCE of 14.9% by substituting MA with FA cations. Despite still showing

inferior PCE than the best MAPbIs-based solar cells, these MAFA compositions allowed for



higher photocurrents (19% improvement), confirming the validity of this bandgap-tuning

strategy towards higher theoretical efficiencies.

The approach of compositional engineering was further advanced and extended to the
halides in 2014 by Jeon et. al.®” who reported record efficiencies exceeding 18% by
introducing 15% MAPDbBr3 in FAPbIs. Introducing bromine enabled both phase stabilization
and better crystallization which lead to superior solar-cell performances compared to pure
iodide perovskite compositions®.In 2017, Yang et. al. reported record efficiencies of 22.1%%°
with a lower bandgap two-step deposited perovskite film using only 2.5% bromide. Following
this, lowering the bromide content resulted in the higher efficiencies compared to
compositions with high bromide concentration. Generally, perovskite top surface
passivations and crystalizing agents like MACI are required for optimum efficiencies but even
without passivation efficiencies of over 23% was achieved. The highest PCE of 25.2% for

perovskite solar cells was achieved by Yoo et.al. by reducing the bromide content to 0.8%."°

Substitution of iodide with bromide was believed to improve the quality of the films by
assisting the crystallization process, but recent advances in perovskite performance by
reducing the bromide content imply that higher bromide concentration affect the device
performance adversely. In this work, starting from the optimum triple -cation
(FA0.83MA0.17)0.95Cs0.05sPb(lo.83Bro.17)3 composition®?® deposited by a single-step anti-solvent
method, we systematically reduce the bromide concentrations to 1% to study the effect of
higher bromide content. We were able to observe higher device efficiencies and
reproducibility without any passiavation. A reduced loss-in-potential and a higher external
guantum efficiency over the whole wavelength range indicate reduced charge carrier
recombination. Furthermore, the long-term operational stability is enhanced, which is related
to a reduced concentration of mobile halide defects, as supported by calculated formation

and activation energies for halide vacancies.

The effect of varied concentrations of bromide on the perovskite structure was investigated
by X-ray diffraction (XRD) measurements on films with the nominal composition
(FA0.83MA0.17)0.95Cs0.0sPb(l1-xBrx)s (x = 1, 5, 10, and 17%). The XRD patterns of fresh samples

(Fig. 2A) shows identical peaks for perovskite with different compositions while the samples



aged under light for 100 hours (Fig. 2B) show the same perovskite peaks but for higher
bromide concentrations PbBr; peaks start becoming visible, whereas the fresh samples don’t
show any PbBr; peaks. There is a slight shift to higher angles as we increase the bromide
concentration, which can be clearly seen for the 20 ~ 50° peak ascribed to the (013) reflection
(Fig S2), implying that the lattice parameter associated with the bromide is smaller. This is in
accordance with the bromide featuring a smaller radius as compared to iodide. Moreover,
the gradual shift in the diffraction angle suggests that the two halides are co-present in the
perovskite lattice following the trend of the nominal composition. Bromide has been reported
to be necessary for maintaining phase stability of the perovskite structure in MA & FA
perovskite, 8 but the identical XRD patterns imply that the phase instability associated with

lower bromide concentrations is suppressed for triple cation perovskites.

We performed UV-Vis absorption and photoluminescence (PL) measurements to assess the
effect of different bromide concentrations on the bandgap. Both UV-Vis absorption and the
PL spectra feature a gradual red shift in both the absorption onset (Fig. 2C) and the emission
peak (Fig. 2D) upon reducing the bromide concentrations, which is in accordance with the
known effect on the bandgap®°! (Fig. S1). From the PL, we can also see that the intensity

increases with lower bromide concentrations.
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Fig. 2. Perovskite structure analysis and optical properties depending on the bromide
content. (A) XRD pattern for compositions with different bromide concentrations. * denotes
the PbBr; peaks (B) Magnified display of the perovskite peak at 28 = 50° showing the shift in
the peak position. (C) UV-Vis absorption and (D) PL spectra of different bromide

concentrations (1, 5, 10, and 17%) in the perovskite composition.

Impedance Spectroscopy

To elucidate the influence of the bromide composition on charge transport mechanisms we
performed electrochemical impedance spectroscopy (EIS) on the two extreme compositions
(i.e. 1% and 17%). The impedance measurements were carried out on completed devices with
the conventional FTO/ blocking (b)-TiO2/ mesoporous (m)-TiO2/ perovskite/ (2,2',7,7'-
tetrakis-(N,N-di-4-methoxyphenylamino)-9,9’-spirobifluorene) Spiro-OMeTAD/ Au
architecture (for more details on the fabrication refer to the supporting information, Sl). For
the measurements, devices were exposed to forward bias potentials from 0V to 1.1 Vin steps
of 0.05 V under light and dark conditions on which a sinusoidal perturbation of 20 mV was

superimposed from 500 kHz to 100 mHz (see Fig. S2). The Nyquist plots of typical impedance



data (here at 0.6 V) is shown in Figure 2A and B for 1% Br and 17% Br samples, respectively.
The 1% Br device shows the characteristic behavior with two arcs (one open and one closed),
which is commonly observed for perovskite solar cells.®4°2 This data can be fit well with an
equivalent circuit comprising a resistance Rs in series with a parallel R-CPE circuit (Rur, CPEn;
note that CPE denotes a constant phase element), the latter having embedded another R-CPE
circuit (Rir, CPELf) in series with Rur (Fig 2A).°3 In this representation, Rs is associated with
resistances from wiring, FTO, and gold contacts, Rur and CPExr describe the high frequency
response affiliated with selective contacts to the perovskite absorber, while Rir and CPEf are
associated with the recombination resistance and chemical capacitance of the perovskite
absorber in the low frequency range, respectively.®* In contrast, the impedance data for the
17% Br-containing sample exhibits an additional third component which can be accounted for
by adding a Warburg diffusion resistance in series to Rur and parallel to CPEwr (Fig. 2B). This
equivalent circuit element is typically used to describe the low frequency ionic diffusion
component of the resistance.’>°* Notably, it appears that the reduction in bromide content
can omit the occurrence of a Warburg diffusion component. Moreover, we find that 17% Br
devices exhibit a higher value for Rur than 1% Br devices, as seen by the larger low frequency
Z’'-axis intercept of the high frequency arc at short circuit conditions in Fig. 2C. Rur values are
extracted from the equivalent circuit fits of light and dark impedance data from 0 - 1.1V and
plotted in Fig. 2D and Fig. S3, respectively. It is apparent that the 1% Br devices exhibit
significantly reduced Rur values over the whole voltage range, which is expected to translate
to improved charge transport characteristics of selective contacts or their interface with the
absorber for our low Br devices. We point out that J-V analysis in the dark at various scan
rates from 10-1000 mV/s (Fig. S4) showed pronounced hysteretic behavior for the 17% Br

devices, which further corroborates our EIS finding of higher ionic mobility for high Br devices.
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Fig. 2. Electrical impedance spectroscopy of perovskite devices with different bromide
content under light. EIS data at 600 mV forward bias for (A) 1% Br and (B) 17% Br
compositions with corresponding equivalent circuit fits. (C) Representative impedance data
at 0V under light (D) Comparison of the high frequency resistance for devices with 17% and

1% Br compositions measured at different voltage bias.

DFT calculations

To interpret these findings from EIS measurements, we investigated the halide vacancy
diffusion in perovskite materials using density functional theory (DFT) calculations (for more
details on the methodology refer to the Sl). In perovskites, the most mobile species are halide
ions, which migrate due to the presence of vacancies in their crystal sublattice.? In this
regard, halide migration takes place through halide ‘jumping into’ neighboring vacant sites
(Fig. S5). Thus, ionic mobility depends on both the concentration of vacancies and on the rate

of migration defined by the number of successful migration events per second from the



current site of the anion to a neighboring vacancy site. Accordingly, the higher the vacancy
concentration and migration rate, the higher is the mobility. In mixed halide perovskite, iodide
and bromide occur on the same sublattice, thus both anions can migrate into either I (V,*) or
Br- (Ve:") vacancies. Therefore, in the case of mixed halide perovskites, the total halide
diffusion coefficient can be written as

[https://www.sciencedirect.com/science/article/pii/B9780125226622500078]
D = [Vg]l?Cx-]" + xp-J57) (1)

Where [Vy] is the fraction of halide vacancy sites, i.e. the number of vacant sites over the
number of halide, and is the sum of the corresponding iodide [V}'], and bromide, [V3,],
quantities; J' and JB" are the migration rates of I and Br", x;- and x,— the atomic fractions
of iodide and bromide anions in the sample; finally, [ is the length of a migration event,
corresponding to the distance between halide sites. In principle, FA*, MA*, Cs* and Pb?*
cations also contribute to the total ionic mobility, however previous studies have shown that
their migration rates are much lower than those of halides, thus their contribution to the total
diffusion coefficient is negligible.®® We thereby considered three computational samples of
FAPbI;; _y)Brsy with composition 0, 8.5 and 17 mol% of bromide (Fig. $6). We also assessed
the effect of cation mixing on the concentration of vacancies and halide migration rates. We
observed a reduction of the lattice with increasing bromide content, resulting in a shifting of
the simulated XRD peaks at higher angles (Fig. S7B), in accordance with the experimental
observations. Moreover, following the study of Walsh et al. on vacancies formation in
MAPbI3,°” we found that iodide vacancies are introduced via “partial” disorder reactions,
leading to the formation of Pbl; (see SI) and characterized by a formation enthalpy decreasing
with Br content (Table 1 and Table S2). The formation of bromide vacancies follows the same
mechanism as iodide ones. However, at 8.5 mol% bromide content the formation energy of
Ve:® is as high as 0.47 eV and it gives negligible contribution to the overall vacancies atomic
fraction. At 17 mol% bromide content, Vg* provides a sizable contribution to the total vacancy

fraction via both Schottky and partial disorder reactions.

Table 1. Schottky and partial disorder reactions leading to the formation of halide vacancies
with the corresponding formation enthalpy, Hy, and fraction of halide vacancies, [Vx’]. Only

the reactions giving a significant contribution to the concentration of defects are listed here,



a complete list of reactions and associated properties is reported in the Supplementary
information (Table S2). We remark that the difference of formation energy between 0 and
8.5 mol% samples is within the numerical accuracy of the calculations and lower than the

thermal energy at room temperature, kgT.

Composition (% Br) Reaction He(eV)  [Vx']
0 mol% nil = Vpp, + 2V + Pbl, 0.24 1.6:10*
8.5 mol% nil - Vpy, + 2V + PbI, 0.23  1.8-10*
nil - Vg, + 3V, + Vg4 + FAPDI;, 0.20 1.2-10°3

nll - VI;Ib + ZVI. + Pb[z 0.19 9'10-4

17 mol%
nil - Vpy, + 2Vy5, + PbBr, 0.20 2:10*
Total halide vacancies 0.0023

The halide migration rates J/ and JB" obey the Arrhenius equation J¥ =
JX exp(—Ei /kgT); here, Ex is the halide migration energy, the barrier that X~ has to
overcome to move into a neighboring vacancy site, kg the Boltzmann constant and T the
temperature. /& is the number of attempted (but not necessarily successful) migration
events per second and it is often approximated by J& = kT /h. Hence a higher migration
energy corresponds a lower migration rate. Using the string method,’® we computed the
migration barrier of " and Br~. The migration mechanism of iodide and bromide is very similar
and consists in the rotation of the Pb—X bond formed by the migrating halide around the
correspond lead ion, with very limited rearrangements of the other atoms and organic cations
(Fig. 4A). Consistently with our previous results in pure iodide and bromide perovskites,®® Br~
has a lower migration barrier than I, resulting in an exponentially higher migration rate of
bromide over iodide ions (Table 2). Thus, despite the lower concentration of bromide with
respect to iodide, Br provides the most significant contribution to the diffusion coefficient
(Fig. 4B). In addition, cation mixing plays a minor role on the migration mechanism and rate.
We observed a minor and consistent reduction of all the barriers by ~0.02 eV, i.e. less than

the thermal energy at room temperature (kzT~0.026 eV at T = 300 K). Moreover, when the



MA ion is far from the migrating halide, the energy along the path remains essentially
unaltered (Fig. S8). When the migration takes place at the crystal lattice containing the MA
ion, its high dipole moment alters the relative stability of the initial and final configuration of
the migrating halide. Nevertheless, the mean forth and back migration barrier, which is more
relevant given the picosecond timescale of MA reorientation, is within 0.02 eV from the one

in absence of MA.

In summary, the increase of halide vacancies and of the concentration of the more mobile Br
species concur in enhancing the ionic diffusion coefficient in higher bromide concentration

samples (Table 2).

Table 2. Migration barrier, E%, ,and rate, JX, of I and Br-, together with the contribution
of either anion to the migration rate and the overall ionic diffusion coefficient depending

on the ion content.

System X Eif (eV) JX (sY)  xx-J¥ (s7Y)  D(cm?/s)

0 mol% - 0.49 3-10% 3-10% 6-1014
I 0.53 6-104 5.6-10%
8.5 mol% 2:1013
Br- 0.40 2-10° 1.4-10°
I 0.46 8-104 5.104
17 mol% 9-10°11

Br- 0.33 2:107 3.4-10°




lodide migration

Bromide migration

Figure 4 A. Stroboscopic representation of a halide migration trajectory. The color palette
denotes the progress of the migration, blue is at the beginning, green is the intermediary and
red is at the end of the process. Apart the migrating halide and the close FA* all the other
cations are essentially unaffected by the migration. B. Image potraying the movement of
halide ions within the perovskite layer. Enabled by the presence of vacancies in the halide
sublattice, the electric field in the solar cell drives the movement of iodide and bromide ions.
The lower is the barrier the higher is the diffusion coefficient, D, the corresponding charge
mobility, Mg, and, hence, the ionic current.

(https://www.sciencedirect.com/science/article/pii/B978012522662250008X).

Device performance

We further fabricated solar cells for all the previously analyzed bromide concentrations (i.e.
1, 5, 10, and 17 mol%) with the FTO/b-TiO2/m-TiO2/perovskite/spiro-OMeTAD/Au device
architecture. We observe a clear trend of increase in power conversion efficiency with a
reduction in the bromide content, except for 0% (Fig S9 B), which was assumed to be in
accordance with a significant decrease in the grain size (Fig $10). The short-circuit current
density (Jsc) increased with the reduced bromide content (Fig. 5A), which was found to occur
not only due to the shift in band gap, but also as a result of an increase in the external
quantum efficiency over the whole wavelength range (EQE; Fig. 5B). This indicates lower
charge recombination in the bulk for lower bromide concentration. Moreover, the loss-in-
potential was calculated by subtracting the open circuit voltages, Voc (Fig. S9A), from the

bandgap values divided by elementary charge, which were extracted from Tauc plots

Potential energy


https://www.sciencedirect.com/science/article/pii/B978012522662250008X

(Fig. S11) by assuming a direct bandgap. It is found that the loss in potential gradually
decreases with the decrease of the bromide concentration (Fig. 5C) yielding a value as low as
0.41 V. This number is consistent with data from electroluminescence (EL) measurements
(Fig. S12). Both the improvement in Voc and Jsc led to an enhancement of the average device
efficiency for lower bromide concentrations (Fig. 5D). Such optimization of the devices
enabled achieving very high and reproducible results with the champion device featuring
22.4% efficiency (Fig. 5E). Moreover, this was accompanied by a high integrated current
density values of 25.4 mA/cm? based on the incident-photo-to-electron conversion efficiency

(IPCE) spectra (Fig. 5F).
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Fig. 5. Photovoltaic performance of the compositionally engineered perovskite solar cells
with different bromide content. (A) Current density distribution. (B) EQE plot. (C) Loss in
potential. (D) Efficiency distribution for different bromide concentrations. (E) J-V curve for the
champion device with MPP at 22.4%. (F) IPCE spectra of the champion device showing record
value for integrated current at 25.4 mA/cm?, confirming the values obtained from the J-V

curves measured under the solar simulator.

While perovskite solar cells feature high efficiency, it is well documented that the devices
degrade very fast under ambient air conditions, with light, and upon exposure to higher
temperatures.8%8! One degradation pathway under elevated temperature has been
attributed to migration of gold from the electrode into the hole-transporting material,
where interface passivation can assist in significantly improving the stability.8? On the
contrary, the degradation due to moisture and light has been directly attributed to the
instability of the perovskite layer. Typically, the PCE of a PSC with spiro-OMETAD as HTM
undergoes an initial exponential decay followed by a linear decay, which has been
attributed to increased halide migration during the first few hours of device operation. In
this regard, changing the composition can affect the operational stability of the perovskite
devices. As DFT calculations indicate that halide diffusion is reduced for lower bromide
content devices, we scrutinized the effect of reduced bromide concentration on the stability
of the perovskite devices. The devices containing lower bromide content showed much
better stability with negligible exponential losses for 1% Br devices (Fig. 6A). The most stable
1% Br device showed remarkable stability by maintaining over 95% of the initial
performance at room temperature (Fig. 6B) upon continuous illumination at 1 sun intensity
for 500 hours under inert conditions. This improved stability can be attributed to decreased
defect concentration in lower bromide perovskite. For spiro-OMeTAD-based devices, such
high stability has not been reported previously, which highlights that the lower bromide

content composition should be utilized and further improved upon.
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Fig. 6. Stability of the compositionally engineered perovskite solar cells. (A) Evaluation of
Normalized PCE based on maximum power point tracking (mpp) over time for different
bromide concentrations revealing an increase in stability with reduced bromide content. (B)
Champion device stability with 1 mol% bromide content for 500 hours at room temperature

under continuous 1 sun illumination under inert (N2) conditions.

Conclusion

DFT calculations show that increased bromide content in mixed halide perovskites generates
higher halide vacancy diffusion due to lower activation energies of bromide vacancies. The
increased vacancies create trap states at the interface leading to a decrease in the charge
extraction capacity of the device, and hence negatively affects the efficiency. This increase in
halide defects also causes a significant decrease in the device stability. Reducing the bromide
content not only increases the current density but also decreases the voltage recombination

due to lower trap states at the interface while also improving the FF.

Supplementary Information

Perovskite precursor solution

The perovskite films were deposited using single-step deposition method from the precursor
solution. 1.5 M Pbl, (TCI) and PbBr; solutions were prepared in a mixture of DMF (99.8%,
Acros) and DMSO (99.7%, Acros) in volume ratio 4:1. Then 1.25 mol of FAI and MAI (Dyesol)
was added into 1 ml of Pbl;and 1.25 mol MABr (Dyesol) was added to 1 ml PbBr; solutions.



Thereafter, 1.5M Csl (ABCR, GmbH, ultra dry; 99.998%) solution was prepared in DMSO. The
four solutions were added in appropriate ratios to obtain (FAo0.83MA0.17)0.95CS0.0sPb(IxBri-x)s.
The precursor solution was spin-coated onto the mesoporous TiO; films in a two-step
programme at 1000 and 4000 r.p.m. for 10 and 25 s, respectively. During the second step,
200 pl of chlorobenzene (99.8%, Acros) was dropped on the spinning substrate 5 s prior to

the end of the programme. This was followed by annealing the films at 100 °C for 60 min.

Density Functional Theory

Density functional theory (DFT) calculations were performed using the Quantum Espresso
suite of codes.!® We used the Perdew—Burke—Ernzerhof (PBE) formulation of the
Generalized Gradient Approximation to density functional theory together with ultrasoft
pseudopotentials to model the interaction between valence electrons and core electrons and
nuclei. Kohn—Sham orbitals were expanded in a plane wave basis set with a kinetic energy
cutoff of 40 Ry, and a cutoff of 280 Ry on the expansion of the electronic density. The Brillouin
zone was sampled with a 4x4x4 Monkhorst—Pack k-points grid*®t. We remark that the present
setup has been extensively used by the authors and other computational groups to determine
the structure and energetics of halide perovskite, including systems containing defects®®102-
105 This setup has proven to give well converged values of the total energy, defect energies,

band gap, band energies and atomic forces.

Consistently with a previous work!®, initial samples were created starting from the
experimental structure of FAPbI; containing 12 stoichiometric units. The orientation of FA*
cations was randomized, and the structure was fully relaxed, including the cell parameters.
Mixed halide systems were obtained by randomly replacing a suitable number of | with Br.

The obtained structures were further relaxed.

Defects calculations were performed following Walsh et al.?” extending their list of possible

“full” Schottky and “partial” disorder reactions to include bromide compounds:
nil — Vg, + Vpy + 3Vg + FAPX, (1)

nil — Vga + Vpp, + 3(1 = x)V[ + 3xVg, + FAPI3(;_y)Brsy, (2)



nil — Vg + Vg + FAX (3)
nil - Vpy, + 2Vy + PX, (4)

We considered also the effect of mixing cations by replacing one FA with one MA and
computing the formation energies of defects by Schottky and “partial” disorder reactions
when removing halides and the other ions both near or far from the MA. For FA-MA

perovskites the above set of reactions was extended to include
nil = Vya + Vg + FAX (5)
nil — Vya + Vi, + 3V[ + MAPI; (6)

TLll i (1 - y)VﬁA + yVI(/IA + Vl;,b + 3(1 - X)VI. + 3XV]§I- + FA(l_y)MAyPI3(1_X)BI'3X
(7)

Our results show that MA has little effect on vacancy concentration (see Table S2).

Samples containing defects were obtained by removing the corresponding ion from the
reference bulk structure and relaxing the atomic configuration. Spurious interactions
between periodic images of charged defects were considered following the approach
introduced by Freysoldt, Neugebauer and Van de Walle'®® using the software
SXDEFECTALIGN. Since the local environment of the atoms changes from site to site due to
the presence of two different halide species and the orientation of FA*, the formation energy
might change depending on the ion that is extracted from the structure to produce the defect.
To address this problem, we computed the formation energy for all the 36 halide anions and
12 lead and organic cations composing the system. This allowed us to compute the minimum
and average formation energy of each defect, and the associated standard deviation, which

represent the typical accuracy of our calculations. Data is summarized in Table S2.

To compute the vacancy migration paths and energies we employed the (simplified and
improved) string method®8, which we already used previously.?® The objective of the string
method is to identify the most probable path connecting reactants and products. In the

present case, reactants and products are two configurations of the system with Vx® in two



neighboring sites. The string path is a parametric curve, (1), in the space of the atomic
configurations (r is the 3N vector of the atomic positions). A is a parameter measuring the
degree of progress of the vacancy migration: A = 0 when the vacancy is in the initial site, and
A =1when itisin the final site. It can be shown that the most probable path is the one with
zero component of the atomic forces in the direction orthogonal to the path,
[—=VV({E())]ira) = 0.%% The continuous path 1(4) is discretized into a finite number, L, of
configurations (snapshots), {r(4i)}i=1,L. These snapshots must satisfy the additional
constraint to be at a constant distance from each other: |r(4;) - r(4j+1)| = |7(4j) - r(4j+1)|.

An initial guess path can be optimized evolving it by a fictitious first-order dynamic (steepest
descent “dynamics”) in which at each time step each snapshot, 1(4;), is evolved following the
component of the atomic forces orthogonal to the path. Indeed, in the improved string
method atoms are evolved according to the complete force and the effect of its tangential
component is removed after each string iteration by re-establishing the equidistance
condition between snapshots by moving the corresponding configuration along the 3N

polygonal passing by all the snapshots that is used as an approximation of the string passing.
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Fig. S3. Electrochemical impedance analysis of solar cell with (A, C) 1% Br content and (B, D)
17% Br content in the dark. Figure indices denote the applied voltage in V during the

measurement.

Table S1. Device data pre and post EIS measurements showing the change in the PV

parameters.
Composition Voc (V) | FF(%) | Jsc (mA/cm?) PCE (%) Rs (Ohm cm?)
17% Br 1.074 70.8 23.38 17.88 2.81
1% Br 1.03 74.4 24.65 18.83 1.52
17% Br-EIS 1.018 62.3 22.74 14.98 6.87
1% Br-EIS 1.04 73.5 23.51 18.67 2.09
rel. change (%) 17% | -5.21 -12.01 | -2.74 -16.22 144.50
rel. change (%) 1% 0.97 -1.21 -4.62 -0.85 37.87

Voc = open circuit voltage; Jsc = short circuit current density; Rs = series resistance; FF = fill

factor; PCE = solar-to-electric power conversion efficiency.



>
v e )

s belore E1S| |
-0.2 1 3 —e— after EIS 0.2 o after EIS
E-04- 1 E-04- oo:" T
E s = &
5061 ¢ . E-OG—}? 1
@] @]
084 4 . -0.8- 4
; |
-1.04 q,# 1%Br 1  -1.0 17% Br 1
10 08 06 -04 -02 00 10 08 06 -04 02 00

Voltage (V) Voltage (V)

Fig. S4. Dark current-voltage characteristics of devices with (A) 1% and (B) 17% bromide

content before and immediately after the EIS analysis. The scan speed was 20 mV/s.

‘ B
00 o T I I T T T 0.004 T T . T T
——1000 mV/s ]
i i , ——1000 mV/
-0.5 100 mV/s 0024 A~ 100 mVis |1
——10mVis —

-1.04 4 ——imWs | I
7 / 2-0.04 —1imVis A
g 15 E 1
*q-é é -0.06 .

2.04 i
e 3 -0.08 1

257 -0.10- ]

-3.0 1%Br ] -0.12- 17% Br -

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 -1.0 -0.8 -0.6 -0.4 -0.2 0.0
Voltage (V) Voltage (V)

Fig. S5. Dark current voltage characteristics of devices with (A) 1% and (B) 17% Br content
immediately after EIS analysis with varying scan speeds from 1 mV/s to 1000 mV/s. Note that

hysteretic effects for the 1% Br device at highest scan speeds of 1000 mV/s are expected to

reflect capacitive effects in the device.



Table S2. Schottky and partial disorder reactions leading to the formation of halide vacancies with
the corresponding formation enthalpy, Hy, its average value computed over all sites of the same kind,
Hf, and total atomic fraction halide vacancies, [Vx"]. The standard deviation of Hfis~0.05 eV (i.e. twice
the thermal energy at room temperature), suggesting that the effect of halide composition on Hf of

the most relevant reactions, those producing most of the vacancy defects, is within the computational

accuracy.



Composition Reaction He(eV) Hf(eV)  [Vx']
FA (% Br)
nil - Vg, + 3V[ + Vg, + FAPDI; 0.34 0.85 2:10°
nil - V; + Vi, + FAI 043 061 6108
0 mol%
1.6-10
nil - Vg, + 2V[" + Pbl, 0.24 0.34 .
nil - Vg, + 3 —x)V + xVg, + Viu
0.36 0.90 2:10°®
+ FAPbI3(1_x)BI‘3X
nil - Vpi, + 3V; + Vg + FAPDI, 034 089 510°
nil - Vi + Vg, + FAI 045 0.63 210
8 mol%
nil - Vg, + Vg, + FABr 0.51 0.62 1101
1.8-10
nil - Vg, + 2V} + Pbl, 023 036 \
nil - Vpy, + 2V, + PbBr, 0.47 0.53  2:10°
nil - Vi, + 3 —x)V[ + xV5, + Vg 1.8-10°
0.24 0.83
+ FAPbI3(1_X)BI'3X 4
1.2-10°
nil - Vg, + 3V[ + Vg, + FAPDI, 0.20 0.83 ;
17 mol%
nil - V; + Vi, + FAI 0.4 0.61  2-107
nil - Vi3, + Vg, + FABr 044 059  3-10°8
nil - Vg, + 2V} + Pbl, 019 032 9104
nil — V§}, 4+ 2V3, + PbBr, 020 045  2:10%
FAMA (% Br)
nil - Vs + Vg, + 3V + MAPDI, 048  0.75  9:10°
nil — Vi + Vya + MAI 026 040 510°
0 mol%
nil - (1 —y)Vga +yVya + Ve, + 37
0.74 0.74 9-10°
+ FA(1_y)MA,Pbl;
nil - Viya + Vpi, + 3V + MAPbI, 081  1.01 210
8 mol%
nil - V; + Vi, + MAI 028 032  2:10°




nil - (1 —y)Vga + yVua + Vo, + 3(1 —x)V[

+ 3xV5, 057 071 6100
+ FA(1_yyMAyPly(;_4Bray
nil - Vi, + V&, + 3V + MAPbI, 080 109 310
nil > Vi + Vi, + MAI 029 039 1.10°
17 mol% nil - (1 —y)Vga + yVma + Vpp, +3(1 —x)Vf
+ 3xV5, 072 101 210%

+ FA(I—y) MAbeI3(1_X) BI'3X

}
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Fig. S6. Cartoon of the vacancy mechanism diffusion mechanism. The blue atom moves into

the vacancy. In absence of a driving force this movement is random and produces no ionic

current. However, in presence of an electric field movement along and against the field have

different probability, resulting in a net current.



17% Br

Fig. S7. FAPbI3(1.,Br3x computational samples with 0, 7 and 17 mol% Br content; grey, violet
and brown spheres represent Pb, | and Br, respectively. The FA cation is drawn in stick

representation.
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Fig. S8. (A) Pseudo-cubic lattice parameter, a = YVwith V volume of the unit cell, vs the
bromide content of the sample. @ shows a reduction of ~0.4 % in going from 0 to 8.5 mol%
and of ~0.4 % in going from 8.5 to 17 mol% of bromide. (B) Theoretical XRD pattern at the O,
8.5, 17 mol% bromide content obtained from the atomistic structure after configuration and
lattice optimization. We remark that the theoretical pattern has been obtained assuming no
preferential orientation of the crystallites, which might affect the relative intensity of the
peaks with respect to the experimental data. We also remark that in (static) DFT calculations
one can observe an ‘artificial’ splitting of peak associated to a break of symmetry induced by

the given orientation of FA ions in the sample.
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Fig. S9. Energy profile along the migration path of a Br ion in a 17 mol% bromide sample
without (black) and with (red and blue) FA/MA mixed cations. We considered two cases, i)
when the halide migration event takes place on the edge of a cubic-like cell containing the
MA cation (blue) and ii) when it takes place in a cell sharing a corner with the one containing
MA (red). One notices that the free energy profile of the pure FA sample is very similar to that
of the mixed cation when MA is not in the cell of the migrating Br: the barriers differ by only
0.02 eV and the difference of relative stability between the initial and final configuration has
the same sign and magnitude (the final state is more stable of the initial one by 0.06 eV). On
the contrary, when the MA is in the cell of the migrating Br its dipole moment alters the
relative stability of the final vs initial state. However, also in this case the average forth and

back barrier is within 0.02 eV from the barrier of the pure FA cation sample.



Fig. $10. Top surface SEM images for triple cation perovskite with different bromide

concentrations.
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Fig. S11. Tauc plot showing the shift in bandgap with change in bromide concentration.
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Fig. S12. (A) Trend of Vo with different bromide concentration. (B) Trend of average power

conversion efficiency with change in bromide concentration for (FA.83MA0.7)0.95CS0.05Pb(l1-

xBrx)3
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Table S3. JV parameters with variation in FA, MA and Cs concentrations with 1% bromine

Composition Voc (V) | Jsc (mA/cm?) | FF (%) PCE (%)
(FA0.5sMA0.5)0.95Cs0.05Pb(lo.99Bro.o1)3 0.87 11.4 57 5.85
(FA0.75MA0.25)0.95Cs0.05Pb(lo.99Bro.01)3 1.08 21.9 73 17.2
(FA0.83MA0.17)0.95Cs0.05Pb(l0.99Bro.01)3 1.07 25.8 81 22.4
(FA0.9MA0.1)0.95Cs0.05Pb(lo.99Bro.o1)3 1.06 25.8 80 21.9
(FA0.95MA0.05)0.95Cs0.05Pb(lo.99Bro.o1)3 1.05 25.4 78 21.2
FA0.95Cs0.05Pb(lo.99Bro.o1)3 1.06 24.2 76 19.5
(FA0.83MA0.17)0.95Cs0.1Pb(lo.99Bro.01)3 1.0 23.3 65 15.5
(FA0.83MA0.17)0.95Cs0.025Pb(l0.99Br0.01)3 1.11 24.8 79 22.1
(FA0.83MA0.17)Pb(lo.99Bro.o1)3 0.99 23.8 64 15.4







Chapter 4: TiO; colloids as low temperature alternative to mesoporous
TiO;

(to be submitted, manuscript under preparation)

Perovskite solar cells have shown steep improvement in performance in a short period of
time. Replacing mesoporous TiO2 with a thinner layer of SnO, has been demonstrated to
improve open circuit voltage (Voc). But SnO; suffers from a lower current density (Jsc) which
limits its overall efficiency. Herein, we show that using a thin layer of smaller size TiO;
nanoparticles provide an even higher Vo of around 1.19V without compromising Jsc with an
efficiency of 24.3%. We demonstrate via PLQY and TRPL measurements that a thin layer of
TiO2 can reduce interfacial recombination. Moreover, these nanoparticles provide an added

advantage of low temperature processability at around 150°C which enables scaling up.

Perovskite solar cells (PSCs) have managed to reach high efficiencies crossing 25%?2 in a very
short period of time, making it a viable alternative to Silicon solar cells. In general, PSC uses a
device structure of n-i-p stack where the n-type layer generally is transparent metal oxide
electrode. Currently, numerous n-type metal oxides such as Ti0,24108, Sn0,10%110 7n Q110111
anso4112—114' WO3115_117, |n203118—120' SrTiO3121’122, Nb203123_125, Cer126, BaTi03127'128 and
BaSn03'%° have been reported as ETLs. Among these, TiO3 is the most commonly used ETL in
PSCs, especially in high efficiency PSCs. A standard device consists of a compact amorphous
layer of TiO, deposited by spray pyrolysis and a mesoporous scaffold layer of TiO,%* (30-50
nm in size) on top of it before depositing the perovskite absorber layer. The compact layer
allows for effective electron collection and the scaffold layer provides extra area for charge
extraction to compensate for the lower diffusion lengths compared to that of the perovskite

absorbers.

Mesoporous TiO; exhibits good chemical and thermal stability along with excellent
optical and electronic properties. Uniform mesoporous channels of TiO, can not only provide
increased density of active sites but also facilitate the diffusion of electrons, the high surface

area and large pore enable the growth of a compact and uniform perovskite layer.'3° But



mesoporous TiO; layers suffer from issues of charge recombination at the interface and hence
voltage loss along with photo induced instability.*3! This led to the researchers exploring

substitutes for TiO,.

Among the alternate options, SnO, emerged as the most successful substitute for TiO,. SnO;
could be used as both a compact!3? and a mesoporous layer!3? in PSCs. SnO2 showed better
band alignment with perovskite solar cells which resulted in higher Voc.13413> Initial results by
Hagfeldt et.al.1% with an amorphous layer of SnO; deposited using chemical bath deposition
showed higher Vo but lower current densities. But jingbi you et.al.*> managed to get very high
currents with certified efficiencies of 23.3% using SnO; nanoparticles. Thus SnO, emerged as
a more desirable alternative for TiO; because it could maintain high device performance with
the added advantage of low temperature processability and no toxic solvents required for

dispersion.

Even with all the success of SnO; as ETL including the record efficiencies achieved by Jason
et.al. of 25.2%’° using CBD deposited SnO; as ETL, it still does not match the currents that
could be achieved with mesoporous TiO,36. And while mesoporous TiO2 can generate higher
currents it fails to provide the Vo that SnO; can achieve. To tackle this problem, we replace
30-50nm TiO, with smaller TiO2 nanoparticles (4-8 nm in size). Smaller size TiO; nanoparticles
have been tried in the past with some success but its main application has been as a surface
treatment (TiCls treatment)*3”138 on compact TiO; layer to improve the band alignment. In
our case we use TiOz nanoparticles (4-8 nm) dispersed in water. We discovered that these
nanoparticles can be used just like SnO2 nanoparticles as a stand-alone ETL replacing the much
thicker mesoscopic TiO2 ETL whose fabrication require a temperature of around 500 °C to
achieve high efficiency PSCs. Our new method employs low temperature without the use of
any toxic solvents. However, these nanoparticles show much improved optoelectronics when

used along with a compact TiO; layer.

In this work, we show that replacing the mesoporous TiO; with smaller size TiO; nanoparticles
results in an improved open circuit voltage of PSCs while removing the need of high
temperature annealing. We also compare these nanoparticles with the commercially

obtained SnO; nanoparticles and showing that these nanoparticles are a better low



temperature alternative to both mesoporous TiO, nanoparticles as well as the SnO;

nanoparticles.

Nanoparticle properties

For the TiOz nanoparticles it is important to have them in the anatese phase as in this phase
the perovskite crystal growth is best. For the standard mesoporous TiO;, anatese phase is
obtained after annealing the particles at 450°C (ref) to get rid of the organic ligands attached
to the particles. In contrast, the nanoparticles we use are dispersed in deionised water
without any organic ligands. Hence, there is no need to anneal the particles at high
temperatures. We annealed the film by spin coating the dispersed particles on FTO and
annealing the substrate at 150°C to ensure the evaporation of any water remaining on the
film. XRD (Fig 1A) shows that the film obtained after annealing at 150°C show identical peaks
with the mesoporous TiO;, the 101 plane at 26=26° being the dominant plane. This was
further verified with HRTEM images (Fig 1B) of the nanoparticles which show the presence of
the 101 plane with an average particle size of about 4nm. This is in accordance with previously

published results of similar nanoparticles.3%140

1A

101 " -
- TiO, nanoparticles

——— Mesoporous TiO,

/MJ%H«__*__,‘__J_}

Ll

)
R SRS BTN W \

Intensity (a.u.)

T T T T T T T

10 20 30 40 50 60 70 80
2theta (degrees)
Fig 1A. XRD measurements showing identical peaks for both mesoporous and colloidal TiO;
films prepared on FTO. Fig 1B. HRTEM images of colloidal TiO, nanoparticles showing the

presence of 101 plane with particles of around 4nm.

We measured the Tyndall effect to check for light scattering due to particle agglomeration.
We used commercially obtained SnO; nanoparticles as the standard. We found that the light

scattering was higher for SnO2 nanoparticles compared to our TiOz nanoparticles at the same



concentration Fig 2A. We discovered that these nanoparticles can be used just like SnO;
nanoparticles as a stand-alone ETL replacing the much thicker mesoscopic TiO2 ETL whose
fabrication require a temperature of around 500 °C to achieve high efficiency PSCs. Our new
method employs a low temperatures without the use of any toxic solvents. However, these
nanoparticles show much improved optoelectronics when used along with a compact TiO;

layer.
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Fig 2A. Photograph showing the light scattering in nanoparticles SnO; (left) and TiO; (right) at
5% wt concentration of nanoparticles dispersed in DI H2O. Fig 2B. DLS comparison between
Sn0O; (left) and TiO; (right) nanoparticles at 2.5, 5, 10 wt% of solution showing much higher

agglomeration for SnO, compared to TiOz nanoparticles.

Results and discussions
We then study the morphology of the film obtained by depositing these nanoparticles on FTO.
Due to the small size of the colloids we can see that the nanoparticles go and settle in the

crevices of FTO for both TiO; and SnO;, forming a very compact layer of the ETL. But for the



same concentrations the SnO; nanoparticles seem to not fully cover the FTO (Fig 3A). This
results in a lack of reproducibility of SnO; devices. This can be partly countered by increasing
the concentration of SnO; solution concentration. Even though the TiO, seems to cover the
FTO well but we can still see cracks at the edge of the FTO (Fig 3B) which results in a decrease

of FF due to bad contact at those cracks.

Fig 3. Top surface SEM images of SnO; (3A) and TiO; (3B) nanoparticles at 5 wt% of solution

We fabricated devices with an n-i-p structure where the absorber is a predominantly FAPbI3
with 2.5% wt of MAPbBr; and 35% MACI and the p-type hole conductor is the standard Spiro-
OMETAD. We saw an improved device performance for TiO; nanoparticles in regards to
current and voltage (Fig 4) compared to the SnO2 nanoparticles there is a significant drop in
FF which made it undesirable in comparison to the mesoporous TiO; nanoparticles as the

decrease in FF was higher than the increase in Voc.
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To solve this problem, we deposited our TiO2 nanoparticles on top of a compact TiO similar
to mesoporous TiO2 instead of directly on FTO. We notice that the film morphology is

significantly improved with the TiO, nanoparticles following the morphology of the FTO (Fig

5) instead of filling the cracks and hence avoiding the cracks.

Fig 5. Top surface SEM image of TiO, nanoparticles deposited on top of compact TiO»

The interface of perovskite and ETL can act as a centre for charge recombination because of
the presence of defect states. To measure the effect of different ETL structure on carrier
recombination time-resolved photoluminescence (TRPL) was measured. A reduced carrier
lifetime implies higher trap densities. The TRPL measurements show (Fig 6A) that the TiO;
colloids on top of compact TiO, shows the longest lifetimes compared to standard
mesoporous TiO; or a single layer of TiO2 or SnO,. This suggests that a thinner layer of TiO>
nanoparticles reduces the trap densities while a compact layer of TiO; is also necessary for

appropriate charge extraction.

To further verify our measurements from TRPL we measured the photoluminescence
guantum yield (PLQY) to calculate the quasi-fermi level splitting. We found that the results of

the PLQY match very well with the TRPL measurements with the TiO; colloids on top of



compact TiO, showing higher QFLS with over 30eV (Table 1) increase over the standard

mesoporous TiO».
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Fig 6A. TRPL measurements showing much improved carrier lifetimes for perovskite
deposited on top TiO; colloids deposited on top of compact TiO, compared to mesoporous
TiO2 or Sn0;. Fig 6B. PLQY measurements showing same results as TRPL with the yield being

highest for perovskite deposited on top TiO: colloids deposited on top of compact TiO;

Table 1. QFLS derived from the PLQY measurements show that TiO; colloids show an

improvement of around 30 meV compared to the mesoporous TiO>

PLQY QFLS/q (V)
TiO; colloids on ¢-TiO> 2e-2 1.203
Standard meso TiO2 7.2e-3 1.173
TiO; colloids 1.8e-3 1.133
SnO; colloids 1.5e-4 1.078

Based on our devices we notice a significant increase in the open circuit voltage with TiO;
colloids compared to the standard mesoporous TiO,. The colloids show an average increase

of around 55 mV when deposited on top of compact TiO, layer similar to the standard



mesoporous TiO devices (Fig 7). But we also notice the FF with these colloidal nanoparticles
was still on average 2% lower than the mesoporous TiO,. This was because the concentration
of the solution and hence the thickness of the layer was not optimised. So we varied the
solution concentration from 20 wt% to 0.5 wt%. We measured the TEM (Fig 8) for 10 wt% and
2 wt% concentration solutions noticing that the particles aggregate at higher concentrations
while at lower concentration we don’t see any aggregation. At 2 wt% concentration we were
able to obtain the best device performance (Table 2) with FF and Jsc almost identical to
mesoporous TiO; devices with an increase of 55 mV in Voc. Our champion device showed an
efficiency of 24.3% with a Voc of 1.19, Jsc of 25.78 mA/cm? and FF of 79.5 with a hysteresis of
around 0.7% due to a lower FF of 77% in the forward bias. This was an increase of 1% in

efficiency compared to our best mesoporous TiO2 devices (Fig 9).
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Fig. 7. JV plot showing the difference in performance between the best devices obtained with

TiO2 colloids on FTO, Mesoporous TiO2 and TiO; colloids on compact TiOz as ETL

Table 2. JV parameters of devices shown in Fig 7.



Voc (V) Jsc (MA/cm?) FF (%) |Efficiency (%)

TiO2 colloids on FTO 1.16 24.8 73.3 21.1
Mesoporous TiO> 1.135 25.8 79.7 23.3
TiO2 colloids on compact TiO; 1.185 25.5 77.5 23.4

8A

Fig 8. Dark field TEM images for A. 10 wt% and B. 2 wt% solutions

Table 3. Best devices obtained with different concentration of TiO; colloids solution

Concentration Voc (V) Jse (MA/cm?) FF (%) Efficiency (%)
(wt%)
20 1.11 24.8 71.4 19.5
10 1.14 25.6 76.2 22.1
5 1.16 25.8 77.3 23.1
2 1.19 25.8 79.5 24.3
1 1.18 25.5 78.6 23.6
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Fig 9A. JV plot for the champion device obtained with TiO2 colloids deposited on compact TiO;
as ETL. 9B. IPCE for the same device showing EQE of over 90% between 400 and 700 nm with

an integrated current of 25.05 mA/cm?

From this work, we demonstrate that smaller size TiO2 nanoparticles are better to reduce
charge carrier recombination at the ETL-perovskite interface thus resulting in higher Voc. We
also show that the compact layer is important to support the contiguous and conformal
deposition of these nanoparticles. Moreover, the thickness of the layer plays an important
role in determining the FF of the device. Further treatment of this layer could help us push

the efficiency to new record levels.

ETL deposition

TiO2 and SnO; nanoparticles were diluted in DI water and spin coated on FTO or compact TiO;

at 3000 rpm for 30 seconds. The film was then annealed at 150°C for an hour.

Perovskite precursor solution

The perovskite films were deposited using single-step deposition method from the precursor

solution. 1.5 M Pbl, (TCI) and PbBr; solutions were prepared in a mixture of DMF (99.8%,



Acros) and DMSO (99.7%, Acros) in volume ratio 4:1. Then 1.25 mol of FAl and MAI (Dyesol)
was added into 1 ml of Pbl; and 1.25 mol MABr (Dyesol) was added to 1 ml PbBr; solutions.
Thereafter, 1.5M Csl, Rbl and KI (ABCR, GmbH, ultra dry; 99.998%) solution was prepared in
DMSO. The solutions were added in appropriate ratios to together to obtain the final
perovskite solution. The precursor solution was spin-coated onto the mesoporous TiO> films
in a two-step programme at 1000 and 4000 r.p.m. for 10 and 25 s, respectively. During the
second step, 200 pl of chlorobenzene (99.8%, Acros) was dropped on the spinning substrate
5 s prior to the end of the programme. This was followed by annealing the films at 100 °C for

60 min



Chapter 4. Experimental procedure

Nippon Sheet Glass 10 Q/sq was cleaned by sonication in 2% Hellmanex water solution for 15
minutes. After rinsing with deionised water and ethanol, the substrates were further cleaned
with UV ozone treatment for 15 min. Then, 30 nm TiO, compact layer was deposited on FTO
via spray pyrolysis at 450 °C from a precursor solution of titanium diisopropoxide
bis(acetylacetonate) (0.6 ml) in anhydrous ethanol (9 ml). After the spraying, the substrates
were left at 450 °C for 45 min and left to cool down to room temperature. Then, mesoporous
TiO; layer was deposited by spin coating for 20 s at 4000 rpm with a ramp of 2000 rpm/s,
using 30 nm particle paste (Dyesol 30 NR-D) diluted in ethanol (1:6 wt) to achieve 150-200
nm thick layer. After the spin coating, the substrates were immediately dried at 100 °C for

10 min and then sintered again at 450 °C for 30 min under dry air flow.

To complete the fabrication of devices, 2,2°,7,7’-tetrakis(N,N-di-pmethoxyphenylamine)-9,9-
spirobifluorene (spiro-OMeTAD, 70 mM in chlorobenzene) as a hole-transporting material
(HTM) was deposited by spin coating 40 uL of the prepared solution at 4000 rpm for 30 s. The
spiro-OMeTAD (Merck) was doped with bis(trifluoromethylsulfonyl)imide lithium salt, tris(2-
(1H-pyrazol-1-yl)-4-tertbutylpyridine)- cobalt(lll) tris(bis(trifluoromethylsulfonyl) imide) (FK
209, from Dyenamo) and 4-tert-Butylpyridine (96%, Sigma-Aldrich) in a molar ratio of 0.5,
0.03 and 3.3, respectively. Finally, device fabrication was completed by thermally evaporating

80 nm of gold layer as a back contact.

Perovskite films were characterized by high resolution scanning electron microscopy (SEM),
X-ray diffraction (XRD), UV-Vis absorption, and photoluminescence (PL) spectroscopy.
Samples for XRD were mounted on the reflection-transmission spinner. XRD were recorded
by Empyrean (Panalytical) equipped with a ceramic tube (Cu anode, A = 1.54060 A) and a
PIXcel'® (Panalytical) in an angle range of 26 = 5° to 60° under ambient conditions. ZEISS
Merlin were used for collecting SEM images. UV—vis measurements were performed on a
Varian Cary 5 to analyse optical properties of perovskite. PL spectra were obtained with

Fluorolog 322 (Horiba Jobin Ybon Ltd) with the range of wavelength from 620 nm to 850 nm



by exciting at 460 nm. The samples were mounted at 60° and the emission recorded at 90°

from the incident beam path.

J-V measurements
The solar cells were measured using a 450-W Xenon light source (Oriel). The spectral

mismatch between AM1.5G and the simulated illumination was reduced by the use of a
Schott K113 Tempax filter (Prazisions Glas & Optik GmbH). The light intensity was
calibrated with a Si photodiode equipped with an IR-cutoff filter (KG3, Schott) and it was
recorded during each measurement. Current—voltage characteristics of the cells were
obtained by applying an external voltage bias while measuring the current response with

a digital source meter (Keithley 2400) at a scan rate of 5 mV/s.

IPCE measurements
Incident photon-to-current conversion efficiency measurements were carried from the

monochromated visible photons, from Gemini-180 double monochromator Jobin Yvon Ltd.
(UK), powered by a 300 W Xenon light source (ILC Technology, USA) superimposed on a
1 mW/cm2 LED light. The monochromatic incident light was passed through a chopper

running at 8 Hz frequency and the on/off ratio was measured by an operational amplifier.

Electrochemical impedance spectroscopy (EIS)
EIS measurements were performed on perovskite devices in the dark using a Biologic SP300

potentiostat and Faraday cage. Devices were exposed to forward bias potentials from 0 V up
to 1.1 Vin steps of 0.05 V on which a sinusoidal perturbation of 20 mV with a frequency from
500 kHz to 100 mHz was superimposed. Data analysis and equivalent circuit fitting of Nyquist

plots was performed using Zview v.2.80, Scriber Associates Inc.

Stability measurements
Stability measurements were performed with a Biologic MPG2 potentiostat under a full AM

1.5 Sun-equivalent white LED lamp. The devices were masked (0.16 cm?) and flushed with
nitrogen for several hours before the start of the experiment in order to remove residual
oxygen and water from the environment of an in-house developed sample holder. Then, the
devices were measured with a maximum power point (MPP) tracking routine under
continuous illumination (and nitrogen). The MPP was updated every 10 s by a standard
perturb and observe method. The temperature of the devices was controlled with a Peltier

element in direct contact with the films. The temperature was measured with a surface



thermometer located between the Peltier element and the film. Every 30 min a J-V curve was

recorded in order to track the evolution of individual J-V parameters.
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