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Additives, Hole Transporting Materials and
Spectroscopic Methods to Characterize
the Properties of Perovskite Films
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Abstract: The achievement of high efficiency and high stability in perovskite solar cells (PSCs) requires optimal
selection and evaluation of the various components. After a brief introduction to the perovskite materials and
their historical evolution, the first part is devoted to the hole transporting material (HTM), between photoelectrode
and dark counter electrode. The basic requirements for an efficient HTM are stated. Subsequently, the most
used HTM, spiro-OMeTAD, is compared to alternative HTMs, both small-molecule size species and electroni-
cally conducting polymers. The second part is devoted to additives related to the performance of the perovskite
light-absorbing material itself. These are related either to the modification of the composition of the material
itself or to the optimization of the morphology during the perovskite preparation stage, and their effect is in the
enhancement of the power conversion efficiency, the long-term stability, or the reproducibility of the properties
of the PSCs. Finally, a number of spectroscopic methods based on the UV-Vis part of the electromagnetic spec-
trum useful for characterizing the different perovskite material types are described in the last part of this review.

Keywords: Crystal engineering - Hole conductor - Perovskite solar cell - Solar cell efficiency -
Photoluminescence spectroscopy

Introduction

The latest perovskite solar cell (PSC)
world record in terms of power conversion
efficiency (PCE) is 22.1%.[11 This is an as-
tounding feat since PSCs started off with a
mere 3.8% PCE in 2009 as demonstrated
by Miyasaka and co-workers.[2]

Perovskites are all materials that adhere
to an ABX, lattice. For photovoltaics, this
is typically A = (Rb, Cs, methylammonium
(MA), or formamidinium (FA)); B = Pb or
Sn; and X = (Cl, Br, or I).

Interestingly, the latest boom for photo-
voltaics is based on much earlier research.
Already in 1978, Weber synthesized
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MAPbX, and MASnX; crystals, describing
the semiconducting and metallic character,
respectively.[3#] The molecular cation MA
in these compounds is sufficiently small to
fit in the gaps of the interconnecting metal
halide octahedra (PbX), which are there-
fore denoted as ‘3D perovskites’ .

The hybrid organic—inorganic per-
ovskite materials were then investigated
further using larger molecular cations
than MA resulting in distinct organic and
inorganic layers where the metal halide
octahedral no longer interconnects. Such
structures are denoted as ‘2D perovskites’.
These compounds are multiple quantum
well systems with remarkable optical
propertiesi>-19 showing, for example, bi-
excitonic lasing.[!!] First applications were
reported in 1999 by Mitzi and co-workers
who demonstrated thin-film field-effect
transistors using a (CH,C,H,NH,) Snl,
perovskite.['2l However, such 2D per-
ovskites often have high excitonic binding
energies that can hamper charge separation
and are sensitive to moisture as well as ox-
ygen (especially when using Sn(1r)).[10]

It was only in 2009, as mentioned
above, that 3D perovskites, mainly
MAPDX,, were revisited as the absorb-
er materials in dye-sensitized solar cells
(DSSCs).[2131 This concept was later ex-
tended towards solid-state DSSCs where
the electrolyte was replaced by the small
molecule hole-transporter material (HTM)
2,2,9,7,7,9-tetrakis(N,N  di-p-methoxy-
phenyl-amine)9,9,9-spirobifluorene,

commonly named spiro-OMeTAD.[!4]
Subsequently, Snaith and co-workers
demonstrated that perovskite solar cells
can also work on an insulating Al,O, or no
meso-scaffold at all showing the semicon-
ducting nature of PSCs.[!5.161 The develop-
mentof PSCs has been very rapid since with
major advances in efficiency and stability
as outlined in a number of reviews, e.g. by
Cali6 et al.,l'") Gao et al.,!'8] Gottesman et
al.,’% Green et al.,[201 Marinova et al.,[2!]
Miyasaka et al.,[22231 Singh et al.,[?4] Snaith
et al. 1?51 Stranks et al.,[20) Correa-Baena et
al.,[2”l and Saliba et al.1?8

In this review, a survey is provided of
the different HTMs that have been explored
for PSCs in recent years. Additionally,
some major advances on additive-engi-
neering of the perovskite layer itself are
presented. Finally, a summary is provided
of the basic characterisation methods that
have been used to analyse perovskite thin
films.

Hole Transporting Materials

In a PSC the hole—electron pair gener-
ated in the absorbing layer is separated by
the electron-transporter material and the
HTM. Once the hole has been transferred
to the conducting material, it will diffuse
to the back electrode so as to close the
circuit. HTMs can be separated into two
main categories: inorganic!?! and organic.”
Here, the focus is mainly devoted on the
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larger group of organic HTMs, which can
be further divided in two main sub-cate-
gories, depending on the nature of the ma-
terial: polymers®'"! and small molecules.!32!
The conducting properties of HTMs are
often enhanced by adding small amounts
of dopant, thereby providing yet another
division into dopant33 and dopant-freel34]
HTMs (Fig. 1).

In general, HTMs play an important
role for the device performance and need
to fulfil several requirements to provide
high efficiency PSCs. Firstly, they have to
show high charge mobility, ideally above
103 cm? (Vxs)™' for holes.[35! In addition,
they should have little absorption in the
vis-IR region to avoid overlap with the per-
ovskite layer. This is especially important
for tandem and semi-transparent archi-
tectures. Finally, HTMs should also have
a glass transition temperature (T ) above
85 °C to ensure long-term stability of the
PSC that needs to withstand temperatures
up to 85 °C. To be compatible with device
fabrication, HTMs need to be easily pro-
cessed through solution-based techniques.
Regarding band alignment, the HOMO
level of the HTM should be higher in ener-
gy than the valence band of the perovskite
absorber to ensure efficient operation of
the device.[17]

Each of these previously listed prop-
erties can be addressed to some extent
through rational engineering of the molec-
ular HTM structure. For example, the use
of spirofluorene type structures has proven
to be beneficial for increasing T .[36371 The
energetics are usually tuned by the elec-
tronic properties of the substituents present
in the molecule. The charge mobility can
be optimized by using electron-rich build-
ing blocks such as aryl amines and fluo-
renes, ensuring good electronic conjuga-
tion and compatibility along the molecule
or the polymer.

These structures are frequently syn-
thesized using palladium-catalysed cross
coupling chemistry such as the Suzuki
reaction, the Stille reaction, or Buchwald-
Hartwig reaction. The reaction uses an
organo-halide precursor and an organo-
metallic partner combined with a suitable
palladium(0)-phosphine catalyst.l38 More
recently, efforts have been put into de-
veloping milder and more environmental
friendly synthetic methods, the so-called
direct C—H arylation, which does not re-
quire any toxic and sometimes very reac-
tive organometallic coupling partners.39]

One of the most used HTMs is the
aforementioned spiro-OMeTAD. Its core
consists of two fused fluorenes resulting
in a molecule with a twisted shape and a
relatively high T, of 125 °C.101 This HTM
has resulted in some of the highest effi-
ciencies for PSCs and is also an efficient
charge carrier in solid-state dye sensitized

solar cells.*1:421 Despite popular usage,
spiro-OMeTAD shows notable drawbacks
such as a rather long and low-yielding
synthesis, a low hole mobility of about
1.6x10*cm?(Vxs)™. Nevertheless, Snaith
et al. reported in 2016 that hole mobility
can be increased by a factor of 10 using
lithium doping.!3!

There is now an urgent need to devel-
op new HTMs that could be synthesized
easily and ideally work efficiently under
dopant-free conditions, which could im-
prove device stability and increase repro-
ducibility.[33

Much progress has been made in recent
years towards this goal. For example, Zhao
et al. developed a one-step synthesis of a
dopant-free HTM with a T, of 100 °C giv-
ing an impressive PCE of {5.4% and good
stability.*4 In 2016 Xu et al. presented a
low cost HTM containing as a core spi-
ro[fluorene-9,90-xanthene] with a hole
mobility of 1.9 x10* cm? (Vxs)™ result-
ing in PCEs of up to 19.84% (still using
dopants).[*3] In the same year, Krishna et
al. demonstrated a silafluorene bearing ar-
ylamines moieties using a one-step reac-
tion. This resulted in PCEs of 11%.140]

As outlined in Fig. 1, among the
possible candidates that can replace
spiro-OMeTAD are diketopyrrolopyrole
(DPP)-based organic semi-conductors.[47]
Recently, this class of compounds exhib-
ited impressive hole mobilities of above
10cm? (Vxs)™!, mainly in organic field
effect transistors as polymers.[*8] This
material has now been used for PSCs as
building block for both small molecule and
polymers. Last year, Liu et al. reported the
synthesis of a OMeTPA-DPP small mol-
ecule HTM, which showed a very good
T, of 157 °C, with relatively low PCEs of

8.69% but without dopants.[*1 Thienyl-
DPP was used in a polymer by Dubey et
al. in 2016. They reported the synthesis of
PDPP3T producing a PCE of 12.3% with-
out dopant which showed good stability. 50
On the other hand, the main drawbacks as-
sociated with DPP molecules is the strong
colour they may have as well as process-
ing issues, as this type of compounds are
known to aggregate very easily due to their
strong planarity.

In addition, efficient organic polymers
have been developed for dopant-free PSCs.
Liao et al. reported the synthesis of a poly-
meric HTM based on the 4,8-dithien-
2-yl-benzo[1,2-d;4,5-d']bistriazole-alt-
benzo[1,2-b:4,5-b']dithiophene monomer
structure (pBBTa-BDTs), which produced
a stable PCE of 12.3% and hole mobility
around 1.5x1073 cm?(Vxs).I51]

Additives in the Perovskite
Formation Process

One simple way to modify the mate-
rial properties is the purposeful addition
of small amounts of new substances, i.e.
‘additives’, into the existing systems. Such
additive engineering has been applied to
perovskite solar cells to enhance photovol-
taic performances. Thus, each layer and
interface is suited for additive engineer-
ing. However, this review focuses on the
‘additive’ with respect to the perovskite
precursor material itself and the resulting
changes in the final solid-state films.

Additives related to crystal engineering
have been used for some time. The concept
of crystal engineering was first introduced
by Pepinsky in 1955; it is defined as the
understanding of the role of intermolecu-
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Fig. 1. Hole transporter material (HTM) family tree.
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lar or supramolecular interactions, such as
hydrogen bond, van der Waals force, and
ionic bonding in crystalline packing.[?!
As shown in Fig. 2, the perovskite crystal
structure consists of octahedral MX, and
organic molecules with -R-NH, terminal
groups, enabling the establishment of ion-
ic or hydrogen bond interactions.!53! One
promising goal for additives in perovskites
is the improvement of the crystal quality,
or the increase of the grain size in order
to prevent performance losses from defects
and grain boundaries in the perovskite film.

In principle, a perovskite additive is a
good candidate if it contains a common
cation or anion with the target perovskite
precursor so that its introduction does not
disturb the crystal structure significantly.
Table 1 summarizes a number of the most
recently reported additives together with
the respective perovskite precursor, the
PCE of the resulting best device, and the
main improvement achieved upon additive
introduction with respect to efficiency and
stability. They are categorized as metal
salts, organic salts, and molecules.

There have been many studies on per-
ovskite formulations, ranging from pure
MAPbI, to MA FA _Pbl, Br by com-
positional engineering.[26'70]y Most widely
used precursors for these perovskites are

Inorganic:

i Organic

v

b

Fig. 2. Scheme of single-layer <100>-oriented perovskites with RNH,* and 3D structure.
Reproduced from ref. [53] with permission from The Royal Society of Chemistry.

Table 1. Additives used for perovskite and their corresponding perovskite system with PCEs of devices

Additive Pervoskite Precursor
PbCL? MAPbI,

Pb(OAc), MAPbI, Cl
Pb(SCN), MA FA, Pbl,
PB(SCN), MAPbI,

Nal MAPbI, CI

Csl MAFA,_Pb, Br,
RbI Cs MA FA, Pb, Br,
Cu(thiourea)l MAPbL, Cl

MACI MAPbI,

MACI MAPbI,
MA(COO), MA FA, Pbl, Cl
MA(OAc), MAPbI,

NH,Ac MAPbL,

FEAI MAPbI,

4-ABPACI MAPbI,

1,4-DIB MAPbIL, Cl

PCE*
[%]

18.1
15.2
20.1
8.3
12.6
21.2
21.8
19.9
12.1
18.55
19.5
18.09
17.02
18
16.55
13.09

‘/OCa
[Vl

1.04
0.97
1.12
0.87
0.92
1.15
1.18
1.13
1.02
1.08
1.14
1.00
1.10
1.06
1.00
0.94

JSCa
[mA/cm?]

23.5
21.7
229
15.1
224
23.5
22.8
223
20.4
222
22.7
229
229
21.2
22.1
18.5

Main improvement

Efficiency
Efficiency
Efficiency
Stability
Hysteresis
Reproducibility
Stability
Efficiency
Efficiency
Efficiency
Efficiency
Efficiency
Efticiency
Stability
Stability
Efficiency

Year

2017
2015
2017
2015
2016
2016
2017
2017
2014
2017
2016
2017
2016
2016
2015
2015

Ref.

[54]
[55]
[56]
[57]
(58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]

3PCE = Power Conversion Efficiency, V. = open-circuit voltage, J,, = short-circuit current density were collected from J-V curves for champion
photovoltaic devices measured under a simulated AM1.5G. Ac = acetate, FEAI = 1,1,1-trifluoro-ethyl ammonium iodide, and Oac = acetoxy. °Cl is
added in the precursor mixture in order to facilitate film growth. However, due to size mismatch with respect to |, it does not enter into the structure
of the generated perovskite structure.
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Pbl,, PbBr,, MAI, FAI, MABTr, and FABr.
Novel compounds have been obtained
by simply replacing anions or cations by
means of introducing additives in the per-
ovskite precursor. This affects not only the
perovskite structure but also frequently the
film morphology because of the interaction
during the precursor deposition toward
film formation.

For example, as outlined in Fig. 3, it is
possible to add CI to compounds that con-
tain Br and/or I. In fact, methylammonium
chloride (MACI) was added to MAPbI, to
improve crystal quality and surface cov-
erage of the perovskite film as shown by
Zhao et al. and Yang et al.16263] Similarly,
MACI and PbCl, were added to MAPbI,,
modifying the morphology of the per-
ovskite film and leading to enhanced elec-
tronic properties and dynamics of charge
carriers in the MAPDI, film compared to a
pristine MAPbL, film.[54]

Recently, there have been many studies
using alkali metals (Li, Na, K, Rb, Cs) as
additives. This is motivated by considering
the tolerance factor, which is defined as:

= T'A+1'I
\/EE(T"I)b + 1”1)

(where r are the ionic radii in an APbIL,
perovskite). Empirically, perovskites that
have a photoactive black phase fulfil the
relation 0.8<t< 1.0.1901 The tolerance factor
shows that, with respect to the alkali metal
cations, only CsPbl, falls into the range of
photoactive perovskites with an o-phase
(black phase). Related Li, Na, and K-based
materials are clearly outside of the range,
whereas RbPbl; only misses this require-
ment by a small margin.

Saliba et al. investigated the addition
of inorganic cesium to MAXFAI_XPbIB_yBry.
The resulting triple-cation perovskite com-
positions are thermally more stable, con-
tain fewer phase impurities, and are less
sensitive to processing conditions.8] Upon
addition of small amounts of Cs from 0, 5,
10, and 15%, the yellow phase and the Pbl,
peak disappear completely as shown in
Fig. 4a. Moreover, a small addition of Cs,
up to 15%, blue-shifts the band gap of the
material by ~10 nm, as deduced from the
absorption onset and photoluminescence
(PL) spectra (Fig. 4b). The Cs also helps
to stabilize the black phase of perovskite
and increase the crystallinity according to
Figs 4c and 4d. As demonstrated by XRD
spectra, the triple cation mixture forms the
perovskite phase even without any anneal-
ing, as shown by the peak at ~14°. These
triple cation perovskites paved the way to

a substantial improvement of the quality of
the perovskite solar cells in terms of repro-
ducibility, with PCEs over 20% reached on
a regular basis.

Subsequently, Saliba et al. reported
that Rbl added to the previously devel-
oped Cs-containing perovskite, and all
other FA containing combinations such
as RbFA, RbCsFA, RbMAFA, shows high
PSC performance with stabilized efficien-
cy of 21.6% at 977 mV and 22.1 mA/cm?
together with remarkable stability; 95% of
their initial performance is maintained at
85 °C for 500 hours under illumination and
maximum power-point tracking.[60]

Very recently, the Bian group reported
the use of copper iodide (Cul) and its de-
rivative Cu(thiourea)l as an additive to the
MAPbIHClx perovskite, which results in
the efficient passivation of trap states of the
perovskite via interaction between the un-
der-coordinated metal cations and halide
anions at the perovskite crystal surface. A
PCE of 19.9% was achieved.[6!]

Formate and acetate anion compounds,
with similar or slightly larger molecular size
compared to halides, have been studied by
several groups.[5>:64-661 Methylammonium
formate (MAF) was added to perovskite
by Seo et al. for inhibiting the Pb*—I inter-
action during crystal formation. The role
of MAF is illustrated in Fig. 5a. Adding
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Fig. 3. The effect of chloride additives: MACI. Reproduced with permission from ref. [12] with permission of Macmillan Publishers Ltd. on perovskite

morphology and film properties.
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Fig. 4. (@) XRD spectra and (b) absorbance and photoluminescence (PL) spectra of cesium, refer-
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of annealed perovskite films; (c) absorbance and

X-ray diffraction (XRD) spectra at room temperature (without subsequent annealing) of prepared
perovskite films; (d) cross-sectional SEM image of photovoltaic devices with 5% Cs perovskite.
Reproduced from ref. [59] with permission of The Royal Society of Chemistry.

MAF results in slower crystal growth and
larger grain size of the perovskite film after
annealing (Fig. 5b).[64]

Additives enhance not only the efficien-
cy but also the stability of perovskite solar
cells. For instance, amphiphilic additives
such as 1,1,1-trifluoro-ethylammonium
iodide (FEAI) and butylphosphoric acid
4-ammonium chloride (4-ABPACI)I67.68]
enhanced the perovskite stability. This

kind of additives containing bifunctional
group (ammonium and phosphoric acid
groups) can provide interparticle bridging,
which assists in the formation of uniform
perovskite films and enhances the stabili-
ty of the perovskite layer and the resulting
PSCs.

In addition to salt-type molecules, alkyl
halide additives have been studied by Jen
Liang et al.l991 Their study showed that the

crystallization of a solution-processed per-
ovskite can be controlled by incorporating
additives like 1,8-diiodooctane (DIO) in-
to its precursor solution to modulate thin
film formation (Fig. 6a). The capacity of
bidentate-halogenated additives to tempo-
rarily chelate Pb* during crystal growth
(Fig. 6b) and the ensuing inhibition en-
courage homogenous nucleation and lead
to improved film morphology and device
performance.

Spectroscopic Characterization of
Perovskites

Numerous spectroscopic character-
ization techniques have been employed
to study perovskite materials. In particu-
lar, steady state measurements have been
widely used as they are rapid, contactless
and non-destructive. The techniques that
are centred on studying the absorption
and emission characteristics of perovskite
films will be taken up in this review, with
focus on the latter. Techniques described
here include UV-Vis spectroscopy, steady-
state and time-resolved photolumines-
cence (PL) spectroscopy, PL. mapping and
Raman spectroscopy.

Absorption

Absorption spectra have been exten-
sively used to determine the range over
which light is absorbed for various semi-
conductor materials. Of particular interest
are the onset of light absorption and the
peak maximum. They have been equally
useful in recent studies of organic-inor-
ganic perovskites.[’!l Nevertheless, some
challenges seem to arise while measuring
the UV-Vis spectra of perovskite films, as
described by Tian et al.l"2!
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Fig. 5. (@) Schematic of the proposed perovskite crystal growth mechanism as controlled by the formate anions; (b) morphological analysis of the
perovskite films with and without MAF. Reproduced from ref. [64] with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Fig. 6. (@) Molecular structure of alkyl halide additives; (b) schematic diagram for the transient
chelation of Pb?* with additives. Reproduced from ref. [69] with permission from The Royal Society of

Chemistry.

The work by De Wolf er al.l/ll dis-
cusses the interesting implications of the
sharp optical absorption edge present in
perovskites for photovoltaic performance.
In particular, they plotted the absorption
coefficient as a function of photon energy
for typical photovoltaic materials, includ-
ing perovskites and identified the pres-
ence of absorption tail states, also called
the Urbach tail. They took a closer look
at these absorption tail states by extract-
ing the Urbach energy, which is the slope
of the exponential part of the above men-
tioned plot. An increase in the Urbach en-
ergy is indicative of the structural disorder
of the semiconductor, a crucial aspect of
materials used in opto-electronic applica-
tions.l”!l De Wolf et al. also reported that
the CH,NH,PbI, perovskite has a steep ab-
sorption onset, giving an Urbach energy as
small as 15 meV, which points to a well-or-
dered microstructure.

The use of additives in the preparation
of perovskite films has been discussed ear-
lier. Zhang et al.l’31 demonstrated the use
of hypophosphorous acid as an additive
to improve perovskite film quality. They
showed that the Urbach energy is lower
for the film with the hypophosphorous
acid due to better electronic order in the
material.

Emission

Due to the large potential of perovskites
for use in opto-electronic applications, in-
cluding photovoltaics and light emitting
diodes, understanding the emission behav-
iour of these materials is of considerable
importance.l’# Researchers often use pho-
toluminescence measurements to evaluate

the quality of perovskite films[7 and solar
cells.[74]

Steady-state Photoluminescence
Spectroscopy

One of the most commonly used meas-
urements is steady-state PL (see Fig. 7a),
which can provide information comple-
mentary to the absorption spectra discussed
earlier. Steady-state PL is a convenient op-
tion for the swift detection of perovskites
of various compositions, thereby different
bandgaps, as evident from the report by
McMeekin et al.l’01 Furthermore, as highly
luminescent films are associated with su-
perior film quality,[7”] the measurement can
be used to assess and compare perovskite
films.

In addition, steady-state PL. measure-
ments have been used in the literature to
investigate the HTM/perovskite interface.

Zhang et al.l8 studied CH,NH,PbI, per-
ovskite films with different HTMs depos-
ited on top. They found that more than 90%
of the PL was quenched when suitable
HTMs such as spiro-OMeTAD were used,
indicating that efficient charge transfer
takes place across the interface, from the
perovskite to the HTM.

Time-resolved Photoluminescence
Spectroscopy

Time-correlated single photon count-
ing can be used to study the photo-phys-
ical properties of perovskite films and
crystals. The recombination lifetime of
charge carriers can be measured using this
technique. Longer lifetimes are often as-
sociated with superior material quality./>!
Several reports in the literature have uti-
lized this technique to compare con-
trol samples with those containing add-
itives.[01.73] Many have demonstrated that
superior film quality, achieved through the
inclusion of additives, is associated with
longer recombination lifetimes.

Studies have also focused on employ-
ing PL decay measurements to explain
the kinetics of recombination in organ-
ic-inorganic perovskites.[”! In addition,
charge-carrier diffusion constants and dif-
fusion lengths can be assessed using dif-
ferent charge-transport layers through the
quenching observed in the PL decay.30]

Photoluminescence Mapping

PL mapping is an important imaging
tool frequently used in biology, and recent-
ly adopted in geology. In this technique,
the local emission can be probed point-
by-point, thereby generating a two-dimen-
sional map.[811 It has also been successfully
employed to characterize perovskite films
(see Fig. 7b). In the study by de Quilettes
et al. "1 it was employed to demonstrate
that grains in perovskite films exhibit dif-
ferent PL intensities and lifetimes, in spite
of the fact that these films had long bulk
lifetimes. Mastroianni et al.[’* looked into
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Fig. 7. Spectroscopic characterization of a CH,NH Pbl, perovskite film. (a) Normalized PL spec-
trum. (b) PL map of the surface showing the emission between 700 and 800 nm attributed to the
perovskite, assigned the colour red. Colour saturation scales with emission intensity.
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the correlation of the morphology of per-
ovskite films with the photovoltaic per-
formance using this technique. It was also
used to show the photo-brightening of per-
ovskite films, resulting in enhanced PL.[82]

As this tool facilitates the localization
of different components based on differ-
ences in their emission wavelengths, it
has also been used to study the formation
of perovskite films in sequential deposi-
tion83] and in the anti-solvent method.[¢0]
Therefore, it has the potential to answer
interesting questions that are more chal-
lenging to address, necessitating the use
of techniques frequently employed in ma-
terial science such as scanning electron
microscopy and atomic-force microscopy.

Raman Spectroscopy

Several researchers have investigat-
ed the application of Raman spectros-
copy in perovskite materials. Quarti et
al.134 have published the Raman spectra
of CH,NH,PbL,. Ledinsky et al.35! have
shown that such measurements can be used
to evaluate the composition of perovskite
mixtures, demonstrating the case of chang-
ing x (0 < x < 1) in CH,NH,Pb(IBr _)..
However, the degradation of the per-
ovskites during measurement should be
carefully avoided as described in the liter-
ature.l71]

Summary and Outlook

The emerging field of PSCs provides
inexpensive, abundant materials that were
optimized to reach peak efficiencies of
22% in just a few years. This is unprece-
dented for the photovoltaic research com-
munity and the next years will show if the
promise of inexpensive, sustainable ener-
gy from PSCs can be turned into reality
through commercialization. For this, ma-
jor advances in stability are needed so that
PSCs can withstand outdoor conditions for
many years similar to the performance cur-
rently shown by silicon solar cells. Here,
progress is needed in terms of the HTMs
that we use in perovskite solar cells as
we need additional functionality beyond
charge transport to protect the perovskite
layer. In addition, the perovskite layer it-
self needs fortification through means
such as the addition of ionic liquids and
inorganic salts. The modified perovskite
films need to be characterised throughout
the optimisation process to understand not
only the precise film formation mechanism
and the final film properties, but also the
long-term degradation mechanisms taking
place. These advances would play a key
role in clearing several roadblocks in the
commercialization of PSCs.
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