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/Abstract: Perovskite solar cells have the potential to revolu-
tionize the world of photovoltaics, and their efficiency close
to 23% on a lab-scale recently certified this novel technolo-
gy as the one with the most rapidly raising performance per
year in the whole story of solar cells. With the aim of im-
proving stability, reproducibility and spectral properties of
the devices, in the last three years the scientific community
strongly focused on Cs-doping for hybrid (typically, organo-
lead) perovskites. In parallel, to further contrast hygroscopic-
ity and reach thermal stability, research has also been carried

N

out to achieve the development of all-inorganic perovskites
based on caesium, the performances of which are rapidly in-
creasing. The potential of caesium is further strengthened
when it is used as a modifying agent of charge-carrier layers
in solar cells, but also for the preparation of perovskites with
peculiar optoelectronic properties for unconventional appli-
cations (e.g., in LEDs, photodetectors, sensors, etc.). This
Review offers a 360-degree overview on how caesium can
strongly tune the properties and performance of perovskites
and relative perovskite-based devices. )

Introduction

Perovskite solar cells (PSCs) represent the currently most-stud-
ied photovoltaic technology."'” After about five years from
their initial discovery, these solar cells recorded a year-by-year
growth rate of their efficiency values never provided by other
technologies."""* The current research activity in the optimisa-
tion of device architecture, materials and interfaces makes the
future commercialization and exploitation of PSCs truly con-
crete and intriguing.?'")

The architecture of a PSC is rather simple in its standard con-
figuration: a conductive glass (or a plastic foil) supports an
electron extraction layer (ETL, such as TiO, or ZnO), on the top
of which the perovskite-based active material is deposited. A
hole-transporting material (HTM) is coated onto the perovskite
layer, whereas back-contacts (typically gold or carbon-based)
are evaporated/printed at the top of the cell.”*>? Under sun-
light, charge-generation is induced, and both positive and neg-
ative charge carriers are transported through the perovskite
nanostructure to ETL/HTM charge selective contacts.**>" The
core component of this solar cell is the perovskite active mate-
rial, bearing a generic structure ABX;, in which A is a monova-
lent cation (like methylammonium CH;NH;* or MA, formamidi-
nium CH,(NH,),* or FA, Cs*, Rb™), B stands for Pb" or Sn" and
X for | or Br.?®*? The outstanding optoelectronic properties of
perovskites, characterized by high mobility and absorption co-
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efficient, long-balanced carrier diffusion length and low-exciton
binding energy, justify the current success of this photovoltaic
technology.”**” Several review articles have been published
on different strategies to improve the performance of lab-scale
PSCS'[48—57]

As it is typical for novel technologie research in the
field of PSCs is currently focused on overcoming important
issues, starting from the difficulty of reproducing high power
conversion efficiency (PCE) values when the device area is in-
creased at the module level. Secondly, the selection of cell
components must be reconsidered thinking at a large-scale
commercialization because some of the standard materials
(like HTMs) currently used in lab-scale devices have unrealistic
costs for a third generation photovoltaic technology.®® The
versatility of perovskites has been further enriched in the last
years because it has been shown that they present tuneable
properties in function of several experimental factors, such as
morphology, choice of cations, metals and halide elements,
mutual composition and preparation procedure.**®? In this
scenario, it emerged that perovskites with mixed cations and
halides are thermally and structurally more stable than the
pure perovskite compounds: this observation opened a wide
experimental and theoretical research activity, aiming at maxi-
mizing PSCs performance by choosing suitable elements, ions
and functional groups. The resulting stability will be precious
also for the commercial integration of PSCs with energy stor-
age facilities.®*7”

This Review focuses on one of the most promising and cur-
rently investigated element useful to further improve the
strong characteristics and high performance of the PSC tech-
nology: caesium (Cs). It is the 45th most abundant element
(the 36th among metals), more abundant than cadmium, tin
and tungsten, mercury and silver. We will detail how Cs intro-
duction in hybrid perovskites may improve the thermal stabili-
ty at values exceeding 100°C, optimize optical and electrical
properties, alter the crystalline lattice to modulate the thermo-
dynamic phase stability, precisely control the film formation,
improve the device performance reproducibility, etc. Beyond
Cs-doped hybrid perovskites, their fully inorganic counterparts,
when the organic part is completely replaced by Cs cation,
also show interesting aspects, further enriched by the intro-
duction of Cs to improve the interface between the active ma-
terial and the HTM/ETL components. Finally, some examples

S,[58762]
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will be shown to demonstrate that Cs-based perovskites can
be also applied in different fields apart from photovoltaics,
such as photoluminescence probes, photodetectors, etc.

Caesium-Doping in Hybrid Perovskites

First reported by the group of Miyasaka, the application of per-
ovskites to photovoltaic devices dates back to 2009.7% Since
then, an increasing interest towards this material has occurred,
considering that perovskites as light absorbers exhibit broad
absorption spectra, large extinction coefficient and high carrier
mobility.®””’¥ A continuous step forward has dominated the
last years; however, improvements of PCE and stability are still
needed for a future large-scale production. In the PSCs field,
hybrid organic-inorganic materials can be divided into three
main groups accordingly to their composition:

1) three-dimensional (3D) perovskites with the general formu-
la ABX3 (Figure 1 A);[1,2,76,77,79—82]

2) two-dimensional (2D) perovskites with the general formula
A,MX,, characterized by organic ammonium layers alter-
nately stacked with inorganic layers (Figure 1B);

3) quasi-2D perovskites A,C. 1B Xsmy1 (C=CHsNH,™;
number of inorganic monolayer) in which the multi-layered
perovskite sheets are sandwiched between the organic am-
monium layers (Figure 1C)."*

m=

Considering that different degradation pathways, such as ther-
mal decomposition,®*¢ light-induced trap-state formation,®”!
phase transition®®? and bias-induced ion migration,® affect
the device operation, this section will focus on Cs-doping as
strategy to solve these drawbacks.

Among 3D materials, the methylammonium lead halide per-
ovskites (MAPbX;) are the most extensively applied, despite
their instability due to structural phase transition at 55°C*®
and thermal degradation at temperatures above 85 °C. To solve
these issues, in 2014 Choi et al. started to investigate the effect

— (Asite cation)

% Alkylamine

— [MXgl*

OPb | ¢C «

Figure 1. The crystalline structures of A) 2D and B, C) 3D perovskites;

D) Schematic illustrations of (110), (002), (112) and (200) crystal planes from
a perpendicular view, for perovskites composed of (MAPbI,),_,(CsPbBrs),
with x ranging from 0 to 0.2. Adapted and reprinted with permission.”” "'
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of Cs-doping by replacing the organic cation in the MAPbI;
structure with an inorganic cation.”” The choice of Cs relied
on its size, having a smaller radius than the MA counterpart. It
can easily replace MA in the octahedral unit cell without affect-
ing the crystal structure and the basic electronic properties of
MAPbI; such as the low band gap of 1.5 eV. In this framework,
Choi et al. reported the synthesis of Cs,MA,_,Pbl; perovskites
studying the influence of different amounts of Cs to improve
the performances of inverted-type perovskite/fullerene planar
heterojunction hybrid solar cells (ITO/PEDOT:PSS/perovskite/
PCBM/AI; PEDOT:PSS = poly(3,4-ethylenedioxythiophene) poly-
styrene sulfonate; PCBM=phenyl-C61-butyric acid methyl
ester). They observed that it was possible to tune the optical
band-gap by changing the amount of Cs. Starting with a
device with a PCE of 5.51% in the presence of pure MAPbI,, it
was possible to increase the PCE up to 7.68% by just adding
10% of Cs in the structure (Csy;MAy4Pbl;). Amounts of Cs
higher than 10% led to a reduction of the efficiency because
of band-gap widening. Although the increased efficiency, the
device was unstable under ambient conditions because the PE-
DOT:PSS is acidic in nature and the Al electrode employed is
readily oxidized. The Cs-doping allowed for a better light ab-
sorption and morphology as well as for an increase in the
energy difference between the perovskite valence bond and
PCBM lowest unoccupied molecular orbital (LUMO) level,
short-circuit current density (J,) and open-circuit voltage (V).

The morphology of the film and its orientation are also very
important factors to control to obtain a material with high per-
formances. It is reported that MAPbIl,_,Cl, preferentially grows
along the <110 > and/or <002 > directions during the crystal-
lization process (Figure 1D).®**" However, by density function-
al theory (DFT) calculations, it has been predicted that orient-
ing the film along the directions <112> and <200>, with
these planes being characterized by a lower surface free
energy, could be beneficial in terms of charge transfer im-
provement (Figure 1D).*%9

The preparation of films with a controlled orientation was
reported for the first time in 2016 by Niu et al.”” for a (MAP-
bl;),_(CsPbBr;), perovskite. During the spin coating, the pro-
gressive evaporation of the solvent in which all the precursors
were dissolved, promoted the precipitation of Csl and Pbl,,
which then acted as nucleation sites to allow a selective
growth of the film along the desired <112>/<200> planes.
A layer of heavily Cs-doped perovskite had the tendency to de-
posit on the bottom of the film. All these features promoted a
gradual decrease on the J,. values, an increase of both V.. and
fill factor (FF), while increasing the doping content. A PCE of
17.6% together with the enhancement of UV light stability
was obtained with 10% of doping.

A systematic study of the thermal stability of MAPbI; and
Cs,MA,_,Pbl; film was reported by Niu et al.”® The films were
obtained from the one-step spin-coating method. Considering
that a discrepancy was observed between the amount of Cs in-
corporated in the film and the amount of Csl employed in the
precursors solution, X-ray photoelectron spectroscopy (XPS)
was used to quantify the real amount of Cs incorporated in
the film. The study revealed that the film decomposition was
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accelerated by the presence of oxygen in air that causes the
oxidation of MA. The presence of a small amount of Cs could
increase not only the device performance, but also its thermal
stability. The thermal stability was evaluated by determination
of the relative absorption at 700 nm after heating at 120 °C for
3 h (Figure 2A,B). A better stability was achieved in the pres-
ence of 9% of Cs with respect to the MA, but when its
amount was higher than 23 %, the absorption at 700 nm de-
creased, probably due to segregation phenomena. Indeed, oxi-
dation phenomena and loss of A" cations were lowered by
the partial replacement of MA by Cs™ cations, thus a better
stability, as well as pits- and pinholes-free film were obtained.
Solar cell devices were assembled employing Cs,y,MAg4,Pbl;
and the stability evaluated at 85°C in air without encapsula-
tion by measuring current density/voltage (J-V) curves.
Csg0sMA,6:Pbl; showed a final PCE of 18.1%. Around 80% of
the initial PCE value was maintained with 9% of Cs-doping
after an aging test, whereas in the absence of Cs, the per-
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Figure 2. Thermal stability study of perovskite films with different Cs con-
tent: A) Perovskite films with compositions of Cs,MA,_,Pbl; before thermal
treatment, in which x represents the content in Cs; B) Perovskite films after
thermal treatment at 120°C for 3 h in air; C) Correlations between tolerance
factor and crystal structure of perovskite materials; D) Calculated energy dif-
ference between o phase and different 8 phases for FA,_,Cs,Pbl; alloys with
different Cs ratios. Adapted and reprinted with permission.® %!
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formance was drastically reduced to the 40% of the initial
value.

As an alternative to MA, FA cations can be employed as the
A site in the 3D perovskites ABX;. This leads to the formation
of a material (FAPbI,)®®"” with a band gap of about
1.45 eV,®8 1% which is closer to the ideal value of 1.2-1.3 eV ob-
tained for single-junction solar cells."® The main concerns
about the employment of FAPDI, is its existence at room tem-
perature in two polymorphs having different properties, which
makes only one of the two phases suitable for photovoltaic ap-
plications.®

In general, the Goldschmidt tolerance factor (t), an empirical
index calculated from the ionic radius of atoms, is employed
to predict the crystal structure stability of the perovskite."™
Good photovoltaic properties are obtained in the presence of
a cubic structure, which is associated with a t value between
0.8 and 1. Values of t above 0.8 correspond to the formation of
the hexagonal structure, whereas when the t value is lower
than 0.8, the structure is preferentially orthorhombic." For
FAPbI;, good photovoltaic properties are obtained in the pres-
ence of a cubic crystal structure, being characteristic of the a
(or black) phase (Figure 2C). On the contrary, the most stable
hexagonal crystal structure gives rise to the o, (or yellow)
phase, which is characterized by a lower light absorption and
not suitable for photovoltaic applications.®®'°"'* The transi-
tion between the two phases is possible but only at relatively
high temperatures (165°C). Interestingly, the stabilization of
the a phase can be observed applying a protocol developed
by Li etal., which is based on the combinations of materials
having different t values, such as FAPbl, in the o, phase and
CsPbl, in the orthorhombic 8, phase (Figure 2D)."%!

With a Cs-doping level of 15%, alloying is responsible for
the reduction of the transition temperature to 125°C, the sta-
bilization of the a phase and the suppression of the decompo-
sition to Pbl,. Moreover, this material showed increased stabili-
ty to humidity, as demonstrated by the absence of changes in
the UV/Vis spectra above 400 nm of FA,4:Cs,,sPbl; after stor-
age at a constant humidity of 15% for 10 to 18 days, whereas
the pristine FAPbl; decomposed rapidly to Pbl,. The article
from Li et al. demonstrated that the 0 —a phase transforma-
tion is a crucial step in the solution-growth process of FAPbI,
perovskite thin films.!"*

In FAPDbI;, the & phase is formed during the film production
and its conversion to the a phase requires a thermal treatment
that likely causes degradation if performed at too high temper-
ature. Spray reaction is used to circumvent the phase separa-
tion during solvent evaporation, thus obtaining films with a
pure a phase structure. In this case, the solvent is converted to
vapour before contacting the TiO, surface. Xia et al. applied
the spray reaction to prepare films of FA,_,Cs,Pbl; with differ-
ent amounts of Cs."% A solution of Csl and Pbl, in dimethyl-
formamide (DMF) was prepared and applied by spin-coating
on the TiO, film. Successively, formamidinium iodide (FAI) was
dissolved in isopropanol and sprayed at 160°C on top of the
previously formed layer, thus releasing the perovskite
FA,_,Cs,Pbl;. After washing with isopropanol, the material was
annealed. By this method, films in the a phase with high quali-
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ty were obtained with up to the 30% of Cs-incorporation. Ac-
cording to its content, Cs could modulate the band-gap and
the absorption intensity of FA,_,Cs,Pbl;. Interestingly this spray
method led to devices with stabilized PCE values also in the
absence of Cs, but with different transient times. In the pres-
ence of Cs, a stabilized value of PCE was obtained much faster
(3.4 s for FA,4Cs,y,Pbl; vs. 8.5 s for FAPDbI), implying that the in-
corporation of Cs ions accelerated the achievement of the
device equilibrium state. The stability of the unsealed device
against humidity was also studied by aging test at 50% rela-
tive humidity (RH) and 20°C for 100 h. Remarkably, the incor-
poration of 10% Cs ions stabilized the device, which main-
tained its dark colour also after aging, whereas the FAPDI;-
based device turned yellow. PCE value of 14.2% was obtained
for FA,4Csy Pbl;. The previous value decreased to 12.5% after
aging.

Subsequently, it was shown that also the grain size of the
non-perovskite 8 phase doped with small amounts of Cs is im-
portant to obtain high-quality a-FAPbI;(Cs) films without voids
at the interfaces. A uniform thin film can be prepared by em-
ploying the one-step extraction-based antisolvent-solvent
method."®” A precursor solution was prepared in dimethyl sulf-
oxide (DMSO) or DMF. Then, during crystallization of the solu-
tion, the solvent was extracted and the film formed as yellow
non-perovskite 8 phase independently from the type of sol-
vent used. A thermal annealing at 150°C was performed,
which induced both d—a transition and grain coarsening. De-
spite the grains were about 7 times larger in DMF than in
DMSO, the coarsening proceeded much faster in DMF, thus
leading to the formation of defects at the a-FAPbI;(Cs)/sub-
strate interface, as shown in Figure 3A-D. Grain coarsening
was negligible in DMSO, leading to the formation of stable
thin films lacking defects, thus the material was more stable
and efficient under ambient atmosphere. Besides the introduc-
tion of Cs, also a co-doping meant to replace or substitute the
halogen atoms in the X position of a 3D perovskite can be
useful to enhance the properties of the material for photovol-
taic application. In this context, Chiang et al. reported about
the introduction of the SCN~ pseudohalide in the X site of
mixed FA/Cs organic-inorganic hybrid perovskite."® Keeping
constant at 9:1 the ratio of FA:Cs, the doping level of SCN™
anions was modulated in the range 0-10% with respect to the
content of iodine ions in the precursors solution to obtain a
perovskite with the general formula FA,4Csy;Pb(SCN),l;_,. The
addition of SCN™ ions was shown to have beneficial effects
over the quality of the film (Figure 3F,G). However, its amount
had to be kept below a certain value; indeed, the increase of
SCN content was likely associated to the decrease in the ab-
sorbance. A slower nucleation rate was also associated with
larger grain size. The optimal doping was obtained at 3.75% of
Pb(SCN), in FA,4CsyPbl;, which resulted in a PCE of 16.9%. J,
and FF dropped at 10% doping level. It was observed that the
content of S on the surface was lower with respect to the one
added in the precursor solution, likely ascribable to the evapo-
ration of SCN™ ions during annealing or the incorporation of
SCN~ ions into the PbX*" octahedral, thus resulting in en-
hanced crystal stability. As shown in Figure 3F,G, the SCN-
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Figure 3. A-B) Top-view and C-D) Cross-sectional SEM images of the “black”
a-FAPbI,(Cs) hybrid organic-inorganic perovskite thin films processed using
DMF (panels A and C) and DMSO (panels B and D) as the solvents in the pre-
cursor solutions. Scanning electron microscope (SEM) images of one-step
spin-coated FA,,Cs,,Pbl; with E) 0, F) 5 and G) 10% Pb(SCN), doping. H) Top
view (left column) and cross-sectional (right column) SEM images of perov-
skite films with different CsBr doping levels. Adapted and reprinted with
permission.%7-1%%

doping allowed obtaining grains with large-size and high crys-
tallinity, which were associated also with longer carrier lifetime
and increased moisture stability with respect to the conven-
tional MAPbX; perovskite.

Co-doping with both Br~ and Cs* ions is another way to im-
prove both the stability and the efficiency of perovskites.
These ions can be introduced into the CH;NH;Pbl; perovskite
as CsBr to form triple cation materials."® As shown by X-ray
diffraction (XRD), Br~ tends to replace the |I” ions linked to the
Pb>" ones inducing modifications in the morphology of the
perovskite film. Br~ allows the growth of larger grains with a
consequent enhancement of optical absorption: the grain size
increased from 42.5 to 63.5 nm in the absence of doping and
upon addition of 10% of CsBr, respectively. The larger grain
size indicates a smaller area occupied by grain boundaries,
which results in fewer interface defects to induce the recombi-
nation of photogenerated carriers (Figure 3H). Moreover, an in-
crease in V. was also observed. In fact, after doping, the per-
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ovskite band-gap was blue-shifted accordingly to the broaden-
ing of the band-gap of plain thin films after the addition of
Cs* or Br ions."*"? The perovskite with 0.9:1:0.1 ratio of
CH;NH;1:Pbl,:CsBr showed a PCE of 13.6%, which is much
higher than the 9.8% value without doping.

A step forward in the development of perovskite materials is
represented by the introduction of a third cation in MA/FA
compounds. Actually, small amounts of Cs are beneficial to the
suppression of those impurities in the crystalline phase that
make the performances of MA/FA perovskites not reproduci-
ble. Interestingly, the Cs™ cation is incorporated into the per-
ovskite lattice and, having a smaller radius than FA and MA, is
able to reduce the t value and drive the crystal towards a
cubic structure, matching the black phase that is optimal for
photovoltaic applications."”® The formation of the hexagonal
yellow phase is suppressed, not being stabilized anymore at
room temperature. Triple cation perovskites having the formu-
la Cs,(MAg;7FAG83)r00-PP(logsBros7)s also showed improved
thermal stability. No bleaching or limited bleaching was ob-
tained after storage at 130°C for 3 h in dry conditions, whereas
the pristine sample turned yellow. Very high efficiency of
21.1% was obtained with an output at 18 % under operational
conditions after 250 h with 5% of Cs-doping (Figure 4B). These
triple cation perovskites revealed to be robust and showed re-
producible performances also in the case of experimental vari-
ability during fabrication (Figure 4A).

XPS was used to probe the triple cation-based PSCs and to
find their composition versus performances correlation." The
highest FF was achieved with 5% of Cs content, which was
able to maintain the stoichiometric ratios of |:N, Br:Pb and |:Pb
inside the (MA,sFAy45)Pb(logsBro5); lattice. Moreover, the elec-
trostatic interactions between the Cs* cation and the I7/Br~
anions helped to stabilize the crystalline lattice. When added
in low quantities (5%), Cs™ could arrange itself in the depth of
the light-absorber layer, in fact—also after Ar-sputtering—Pb**
was retained and the valence band level was the least per-
turbed.

Salado et al. reported on a kinetic study about triple cation-
based PSCs to elucidate the role of the Cs* cation™ by
means of scanning probe microscopy (SPM) and electro-
chemical impedance spectroscopy (EIS) experiments. The best
performing device contained 5% of Cs, resulting in
Cs0,05(MAG 15FA085)0.0sPD (15 85Bro.15)3, and a fixed 90 mm concentra-
tion of the HTM N2N2N?N?N’N’,N”,N’-octakis(4-methoxy-
phenyl)-9,9"-spirobi[9H-fluorene]-2,2',7,7'-tetramine (Spiro-
OMeTAD). PCE was 17.53%. Upon illumination and under
short-circuit, the accumulation of charges was observed at
grain boundaries. The migration of MA cations was reduced
through stabilization of the crystal structure by FA and hydro-
gen bond formation with the Pb octahedral site. Moreover,
Cs™ was able to build up strong electrostatic attractions with
halide ions, thus stabilizing the lattice.""” The average current
carrying ability of the mixed-perovskite was enhanced and a
delocalized distribution of charges was observed across the
surface in the presence of Spiro-OMeTAD. In mixed halide per-
ovskites, the incorporation of Cs reduced the recombination
resistance and increased the electron lifetime.
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Figure 4. A) Statistics of 40 controls (Cs,M) and 98 Cs-based (CssM) devices
as collected over 18 different batches. All device parameters as well as the
standard deviation improved, and 20 independent devices showed efficien-
cies >20%. B) Aging for 250 h of high performing Cs;M and Cs,M devices
under N, atmosphere held at room temperature under constant illumination
and maximum power point tracking. The maximum power point (MPP) was
updated every 60 s by measuring the current response to a small perturba-
tion in potential, and a J-V scan was taken periodically to extract the device
parameters. Adapted and reprinted with permission.""*

The synthesis of quasi-2D perovskites was reported by Ha-
maguchi etal. in 2017 by reacting the organoamine halide
acid salt n-C¢H,3NH;l and methylammonium iodide (MAI) or FAI
or Csl with Pbl, in stoichiometric amounts employing DMSO or
DMF as solvents according to the stability of the precursors.!"®
The quasi-2D perovskite is characterized by the introduction in
the crystalline structure of MA, FA or Cs in the B site cation
position. The material has the general formula (n-
CgH,5NH,),(B)Pb,l;, in which B can be MA, FA or Cs. The crystal-
line orientation can be controlled by the pre-heating tempera-
ture and rotational speed during spin coating. (n-
CgHy3NH;),(FA)Pb,l,  with  perpendicular partially crystalline
growth showed better photovoltaic properties in mesoscopic
PSC application than (n-CgH,3NH;),(MA)Pb,l, and  (n-
CgHi3NH;),(Cs)Pb,l,.  However, these quasi-2D  perovskites
showed lower performances compared to 3D PSCs due to the
lack of light absorption in the range 550-600 nm.

Humidity is one of the most relevant factors affecting the
stability of perovskites.""”""® A study about moisture stability
of Cs- and Br-containing mixed perovskites was reported by Li
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et al."™ Despite showing better resistance to moisture, after
exposure at 70% RH the perovskite underwent a rapid degra-
dation with the formation of the yellow CsPbl; phase probably
due to the absorption of water on the film surface, followed
by infiltration of moisture between the grain boundaries. How-
ever, the erosion phenomena could be suppressed by the in-
troduction of phenylethylammonium iodide (PEAI) passivation
layer. This layer not only helped in retarding the degradation,
but enhanced the PCE values. Perovskite FA,¢Cs,,Pbl,,Bry; was
chosen to test the applicability of the passivation layer. Fig-
ure 5A, B shows the change in the film morphology after aging
at 70% RH in the dark. After 6 h, the film started to be exten-
sively compromised because of degradation processes due to
the formation of CsPbls, as confirmed by its absorption peak at
about 420 nm. In addition, other degradation products were
formed. The material did not suffer from the same degradation
when exposed to 25% RH for 10 days (Figure 5A).

The highest PCE of 13.7% for 2D organic-inorganic perov-
skites was reported in 2017 by Zhang etal., by doping 2D
(BA),(MA);Pb,l,; perovskite materials with 5% of Cs* cat-
ions."? Doping was again beneficial to obtain an increment of
grain size, a controlled crystal orientation, a reduction of trap-
state density, surfaces with better quality and a superior
charge-carrier mobility. In the presence of high humidity, the
device demonstrated enhanced operation, with a degradation
of only 10% obtained at 5% Cs doping after exposition under
30% RH for 1400 h (Figure 5C). For the first time, 2D materials
showed stability not only under humidity, but also under heat-
ing. Films of high quality were grown by the hot-casting
method developed by Tsai etal.™?"” with DMSO as solvent,
which was able to work as ligand for the Pbl, precursor, thus
driving the crystallization process. Moreover, the Cs™ cation
could slow down the process helping the 2D grains to grow
larger. The films resulted more shining when the perovskite
was doped with 5% of Cs, suggesting a smoother surface, the
homogeneity of the film and the likely higher specular reflec-
tion. The surface got distorted with higher amount of Cs
(15%). Several humidity tests revealed that the 2D perovskites
were more tolerant towards humidity and superior properties
were obtained by Cs-doping (Figure 5D).

A strong resistance towards humidity was obtained by the
introduction of n-butylammonium (BA) cations into a mixed
CsFA lead halide perovskite.'”” By employing 3% of BA with
respect to FA/Cs, the increase of grain size was combined with
the formation of 2D platelets arranged between the 3D perov-
skite grains. BA™* ion had larger radius than Cs* and FA* ones,
which caused modification in the lattice constants. The junc-
tion between the 2D and 3D phases was assumed to be char-
acterized by a clean electronic interface; in this way, when the
charges arrived at the interface they were reflected and kept
by the 3D perovskite, eliminating the problem of charge re-
combination that was observed in the presence of grain boun-
daries."® The presence of BA enhanced the crystallinity and
reduced the hysteresis in J-V plots. The resulting device was
definitely stable; indeed, the solar cell could be assembled in
air, which accounts for its promising prospects in long-term
outdoor applications. Remarkably, PCE was 19.5% and the
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Figure 5. A) Moisture stability test of inverted devices without PEAI treatment, and B) Images of aged devices in the 70% RH dark condition. Stability meas-
urements for the Cs,-2D and Css-2D PSCs; C) Long-term stability measurements of both solar cells without any encapsulation under ambient condition, viz.
30% RH; D) Humidity tolerance measurements for both solar cells at different humidity: 30, 65 and 85% RH. E) Comparison of stability of high-performing
non-encapsulated (1-5) and encapsulated (6-10) solar cells using FA,;Csq,Pb(lo¢Bro4); (navy blue lines; labelled as pristine) and
BAG.0o(FA053CS0.17)0.01Pb(lo6Bro4)s (red lines; labelled as BA/FA/Cs) perovskite active layers. Devices are aged under Xe-lamp simulated full-spectrum AM1.5,

76 mW cm~? equivalent irradiance in air (45% RH) without any ultraviolet filter, held at open-circuit during ageing. Adapted and reprinted with permis-

Sion.[”9'120'122]

band-gap was 1.61 eV. Under simulated sunlight, about 80% of
the efficiency was maintained after 1000 h of work in air (Fig-
ure 5E). The operational time could be extended to 4000 h
upon device encapsulation. An additional enhancement of sta-
bility and performances is likely possible by proper optimisa-
tion of the 2D/3D phase heterostructures engineering.
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Enhanced resistance to humidity was observed by the partial
replacement of Pb with Sn, which is also highly desired in the
light of a future commercialization of Pb-free PSCs. Sn was
chosen as possible candidate having a similar radius to Pb.l"?”
However, the formation of high quality films for these binary
Sn-Pb  perovskites, which have band-gaps around 1.2-
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1.3 eV,"* was much more difficult because of the fast crystalli-
zation between Snl, and MAI,""?® the easy oxidation of Sn’" to
Sn** and the formation of pinholes when the amount of Sn
exceeded 25%."7'?® Slowing down of the crystallization pro-
cess was likely observed by substitution of MA and FA ions
through Cs-doping.*” Cs may reduce also the oxidation of
Sn’* (after storage at ambient temperature and RH 3545%)
and increase the stability at high temperatures and humidity.
The highest PCE of 12.7% was obtained with 10% of Cs
doping in the presence of 50% of Sn, that is, the highest per-
centage of Sn ever added in a perovskite material. Most impor-
tant, the perovskite MA,4Csy;PbysSngsl; maintained about 76 %
of the initial PCE after storage at ambient temperature for
20 days at RH of 3545 %.

For the practical application of perovskites, their synthesis
should be controlled to get a well-defined morphology. The
production of lead halide perovskites is generally based on the
one-step and two-step protocols. In the first one, organic and
Pb-salt precursors are dissolved and mixed together in a polar
solvent at 70°C and then spin-coated. In the second one, a
layer of Pb-salt is firstly deposited as a thin film, which is then
soaked in a solution containing the organic salt.*&76°1.130-132
These approaches are generally characterized by the difficult
control of the final film composition since the organic ammo-
nium cations, being volatile, can evaporate during the anneal-
ing process. Alternative to the solution preparation, which is
limited by the control of various parameters, Murugadoss et al.
reported a large-scale fast powder production method."® In
this process, lead halide perovskites were obtained by mixing
a hot DMF solution (100 °C) of perovskite with chlorobenzene
(1:1 ratio). After stirring for 1 min, the solution was dispersed
into a Petri dish and heated at 120°C on a hot mantle. Differ-
ent crystal morphologies (such as nanorods, nanofibers, dense
packed grains, nanowires and spherical nanoparticles) for
Cs,MA,_,Pbl; were accessed in a controlled way, accordingly to
the amount of Cs added as black powder. As shown in Fig-
ure 6 A-D, low concentration of Cs resulted in the formation of
little grains (x=0.5), similarly to what obtained by normal spin
coating. More ordered structures, such as nanorods (x=0.2),
nanowires (x=0.4) and nanofibres (x=0.6), were obtained by
increasing the amount of Cs.

The first application of gas-phase-assisted mixed-cation com-
positional modulation was reported by Luo et al. Cs,FA,_Pbl;
solar cells were produced in the stabilized o phase."** This
method relayed on the preparation of a solution of the Csl and
Pbl, precursors in a dry solvent, which was spin coated on the
support. Then, Cs,FA,_Pbl; was formed by the deposition of
FAI vapour. Considering that the film was grown in the pres-
ence of a saturated atmosphere of FAI, the composition of the
film could be carefully controlled by the Cs/Pb ratio in the pre-
cursors solution. The control over the morphology was ob-
tained, but the amount of Cs had to be kept below 0.3 to
avoid phase segregation. The optimal amount of 0.15
(Csg.15FAs5Pbls) led to a PCE value of 14.45% and moisture re-
sistance because about 88% of initial PCE was retained after
one week of exposure to air.
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Figure 6. FESEM images of Cs,MA,_,Pbl; perovskite powders having different
morphologies obtained with different amounts of Cs: A) Tightly packed
grains (x=0.5), B) Rod like structures (x=2), C) Nanowires (x=4), D) Nanofib-
ers (x=6). E) Schematic representation of low-temperature two-step spin-
coating protocol. Adapted and reprinted with permission.**'3!

Finally, in the light of a future commercialization, Ye et al.
managed to implement the formation of pinhole-free perov-
skite in flexible photovoltaic devices."* Mixed MA and FA per-
ovskites were doped with Csl employing a low-temperature
process based on a two-step spin coating. The device fabrica-
tion process is summarized in Figure 6E. It allowed the produc-
tion of high efficiency flexible photovoltaic devices. The
doping in the mixed perovskite allowed obtaining a more
compact film with an efficient charge carrier injection/transport
within the device with only 5% of Csl. A doubled V,. was ob-
tained with respect to the control device (0.92V with 5% Csl
vs. 0.46 V for the control). PCE of 12.1 and 14.6 % were reached
in the flexible and rigid devices, respectively, starting from 8.9
and 11.3% without doping. Moreover, about 94% PCE was
maintained after 400 bending cycles. A global overview of the
overall efficiencies of Cs-doped hybrid organic-inorganic PSCs
is given in Table 1.

Caesium-Doping in Inorganic Perovskites

After the first report in 2009,”% hybrid perovskite absorbers!®
had been promised to revolutionize the research and develop-
ment on dye-sensitized, organic, and thin film solar cells. How-
ever, the organic moiety in these compounds is extremely hy-
groscopic, volatile, and prone to thermal and thermodynamic
decomposition.!*”

“Is the organic cation necessary to obtain high quality per-
ovskite solar cells?” This is the question Kulbak et al. answered
when they replaced the polar, organic molecules (MA/FA) with
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Table 1. Summary of structures and PCE values obtained for Cs-doped
hybrid organic-inorganic PSCs.

Perovskite PCE Ref.

[%]

Cs5(MAg17FA)83)95P0 (l03Br0.17)3 21.2 [113]
BAo.0g(FA083CS0.17)091PD(l0,6Bro4)3 19.5 [122]
Cs009MAg:Pbls 18.1 [98]
(MAPDI5),6(CsPbBr;),4 17.6 [97]1
C005(MAg15FA)g5)o.9sPP(lo.gsBro1s)s 17.53 [115]
FAo9Cs0.1Pb(SCN) 37512625 16.9 [108]
Csp15FAggsPbls 14.45 [134]
FA(Cs0.1Pbl; 14.2 [106]
(BA),(MA);Pb,l; 3 13.7 [120]
(CH3NH;1)o4(Pbl,),(CsBr)o, 13.6 [109]
MA4Cso,PbgsSNg sl 12.7 [129]
Cso1MA,Pbly 7.68 [91]

a more stable non-polar component (Cs*) in an all-inorganic
PSC.'® Furthermore, the partial replacement of inorganic cat-
ions, such as Cs™ and Rb", was shown to improve the me-
chanical and thermal stability of MA/FA halide perovskites.!"*
By finely tuning the t value, we can predict the stability and/or
the distortion of the crystal perovskite materials structure.'*”
Mixing organic cations such as FA or MA with small amounts
of Rb* or Cs™ cations can lead to a more favourable t value,
which facilitates the stabilization of the photoactive perovskite
phase in a broad temperature range, resulting in stable devi-
ces."™ Nowadays, all-inorganic perovskite (i.e., the organic
component is completely replaced with a Cs™ at the A-site of
the crystal structure) is the ultimate solution to mitigate the
problems of air-stability and chemical decomposition, together
with matching the peculiar characteristics of PV materials and
the efficiency performance of the hybrid organic-inorganic
solar cells.”

Caesium metal halide perovskites (CsBXs), isostructural to
perovskite CaTiO; and related oxides, consist of a Cs-based
cuboctahedral cavity at the centre of the corner-sharing lead/
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tin halide octahedral network."*? The interaction of Cs* with
the halide-dominated perovskite structure is potentially very
different and understanding its effect on the perovskite struc-
ture is crucial to improve solar cell performances. First synthes-
ised by Wells et al.,"* the perovskite CsPbl; possesses an ex-
cellent combination of band-gap,"*'*' thermal stability, and
absorption coefficient for photovoltaic applications,™'" if
compared to the bromide (CsPbBr;) and chloride (CsPbCl,)
counterparts. In general, materials with a t value of 0.9-1.0
have an ideal cubic structure. Unfortunately, the Cs™ cation is
too little to form a stable perovskite structure for CsPbl; at
room temperature.™® The desirable black phase (a-CsPbls,
Pm3m cubic symmetry) is not stable above 320°C in air with a
t value of 0.81, which degrades rapidly to a non-perovskite
yellow phase (y-CsPbl;, Pnma orthorhombic symmetry). When
applied in a solar cell, y-CsPbl; did not exceed 0.09% of PCE.®"
The stabilization of the polymorph a-CsPbl; at room tempera-
ture is one of the most though challenges to use such material
in solar cells as well as in tandem devices."*

Opening the way to fully inorganic perovskite solar cells,
Eperon etal. in 2015 showed that a bulk thin film of the
yellow phase could be converted into the black phase at only
100°C by adding a small amount of HI in the precursor solu-
tion (1:1 Csl:Pbl, solution in DMF)."*® Upon crystallization, HI
induced the formation of smaller grains, which are responsible
for the stabilisation of the black phase at room temperature.
Figure 7A,B shows the structure of both CsPbl; phases (y, or-
thorhombic at room temperature, and «, cubic at T>300°C or
100 °C with HI), together with the absorbance spectra of black
(band-gap of ~1.73eV) and yellow (2.82 eV) phases. As a
result, the first example of CsPbl; working solar cell was ob-
tained with preliminary PCE values of 1.7 and 2.9% for the in-
verted p-i-n and the regular n-i-p devices, respectively. The de-
vices' architecture is shown in Figure 7C. However, the ambi-
ent instability problem remained; indeed, this study only re-
ported a solution route to form the black CsPbl; perovskites
thin film at room temperature in a totally air-free environment.

Room temp >310°C 20— 2 L _
A) o o Or 100°C with HI B) S CsPbl, black phase
= °e ) 18] | \ —— CsPbl, yellow phase ||
o = | |
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Figure 7. A) Structural scheme of CsPbl; phases and B) Absorbance spectra of black and yellow phases of CsPbl; thin films; C) Architecture of the solar cell

device. Adapted and reprinted with permission.'*"
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Luo et al. developed this method further in an open-air condi-
tion (with RH below 30% at room temperature) by a sequen-
tial isopropanol treatment process. The material demonstrated
an enhanced efficiency of 4.13%.'*"

Based on these results, Hu et al. hypothesized that partially
substituting Pb*" (1.19 A) with a smaller cation like Bi**
(1.03 A) would further stabilize the a-CsPbl; phase at room
temperature.? The t value increased from 0.81 (a-CsPbls) to
0.84 (a-CsPb,_Bils;). They used Snaith’s one-step deposition
method,™**"*" by employing precursor solutions (Pbl, and Bil,)
to obtain a Bi-incorporated compound (CsPbggBig4l5). The role
of Bi*" is quite similar to HI and, with an optimal amount of
4 mol%, the a-phase was found to be stable for more than
6 days. The possible mechanism for the stabilization of a-
CsPbl; by the addition of HI or Bi** is shown in Figure 8. The
CsPbg¢¢Bigo4l5-based thin film device exceeded 13% of PCE and
maintained 68% of this value after 168 h. In all these synthetic
procedures, only DMSO and DMF were used to sufficiently sol-
vate Cs and Pb halide precursor salts.

Ramadan et al. tried to optimise the thin film fabrication
process by studying the effects of solvent selection on the
electronic, structural and morphological properties of CsPbl,
thin films and compared solvent mixtures to additive solu-
tions."™™ Thin films of CsPbl, were fabricated via spin-coating
on fluorine-doped tin oxide (FTO) glass from 0.5m solutions,
using DMF, DMSO, DMF with 3.3% HI, and a 2:1 DMF:DMSO
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mixture as solvents. In this study, the authors demonstrated
the relationship between the processing of the solvent and
the interfaces of the films, even if it was not possible to select
a proper solvent for the process.

Besides the commonly reported cubic perovskite (a-CsPbl;)
and non-perovskite (y-CsPbl;) phases, o-CsPbl; might also
transform into an uncommon orthorhombic perovskite struc-
ture (B-CsPbl,) via distortion of Pblg octahedra without break-
ing the 3D Pb-I network. Unfortunately, the conversion to the
yellow phase is very rapid and identifying the single-crystal
structure of (-CsPbl; is still now an open discussion. Using
time-resolved photoluminescence quenching experiments, Fu
et al. estimated for the first time that the electron and hole dif-
fusion lengths in the orthorhombic (3-CsPbl,) perovskite phase
with surface ligands (oleylammonium (OA) or phenylethylam-
monium (PEA)) acetate could be up to 350 and 94 nm, respec-
tively, indicating efficient charge transport within the film.">"
Excellent room temperature phase stability of the films, ena-
bled by surface functionalization, together with their good
photophysical properties were reported. A proof-of-concept
planar heterojunction solar cell based on stabilized CsPbl; per-
ovskite thin film demonstrated a PCE of about 6.5 %.

It is known that colloidal nanocrystals of CsPbl; (typically, in
the 2-20 nm range) are more stable in the cubic phase at
room temperature than in bulk CsPbl;, unlike polycrystalline
thin films, in which the phase transition is expected to be simi-
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lar as in the bulk."** Moreover, the possibility to confine these
perovskites at the nanoscale paves the way to synthesise
band-gap tuneable CsPbl, perovskites."* Easily processed in
solution (e.g., by means of simple spin-coating), colloidal nano-
crystals of inorganic lead halide perovskite could be dispersed
into a variety of solvents and matrices and, eventually, incorpo-
rated into various device.*” Also known as nanocrystal quan-
tum dots, colloidal nanocrystals are being intensively studied
as future optoelectronic materials.!'*% >

Protesescu et al. synthesised monodisperse colloidal CsPbX;
nanocrystals (4-15 nm edge lengths) with cubic shape and
cubic perovskite crystal structure by means of the controlled
arrested precipitation of Cs™, Pb?>" and X~ ions into CsPbX; "
Nanocrystals were obtained by reacting Cs oleate with a Pb'-
halide in a high boiling solvent (octadecene) at 140-200°C.
Later on, the same group was able to synthesise a plethora of
compounds with band-gap energies and photoluminescence
spectra readily tuneable over the entire visible spectral region
of 410-700 nm by adjusting the halide ratios in the colloidal
nanocrystal solution."*® Moreover, they compared this synthe-
sis with the analogue for chalcogenide counterparts and fast
anion-exchange was observed in perovskite CsPbX; nanocrys-
tals. XRD patterns showed the retention of the pure cubic
phase of the perovskite structure with an average (Scherrer)
crystallite size of 8-10 nm. The shift of the XRD reflections was
linearly dependent upon the composition (Vegard’s law), indi-
cating the formation of uniform solid solutions. The XRD pat-
terns are shown in Figure 9 together with a scheme of the
anion-exchange and transmission electron microscopy (TEM)
images of about 10 nm CsPbX; nanocrystals after treatment
with various quantities of chloride and iodide anions.

Xiao et al. introduced high pressure step in the synthesis of
nanocrystals to tailor the optical and structural properties of
CsPbBr;, which is the most thermodynamic stable of the triad.
They used a combination of in situ time-resolved carrier dy-
namics, angle dispersive synchrotron XRD, and optical spec-
troscopy measurements to determine the optical properties of
this pressure-driven structure.!"®"

It is known that the presence of chloride during the synthe-
sis of MAPbI; enhances its air stability and CsPbCl; presents a
robust phase stability."®? Inspired by that, Dastinar etal. im-
proved the stability of CsPbl; nanocrystals by incorporating
chloride as a dopant."® Colloidal nanocrystals of CsPbl,_,Cl,
were synthesised and used in the form of thin films via Kova-
lenko’s group synthesis route.'”™ The experimental results
were compared with DFT calculations. The doped films showed
an enhanced stability toward phase change in humid condi-
tions if compared to the undoped state. Swarnkar et al. further
demonstrated the possibility to control the electronic coupling
of CsPbl; colloidal nanocrystals to produce air-stable, efficient
solar cells." Figure 10A,B,D shows the Scheme (with TEM
image of quantum dots) and the SEM cross-section of the
CsPbl; cell. Current density/voltage curves show 10.77% PCE
for a 0.10 cm? cell fully assembled and tested under normal
ambient conditions (Figure 10C).

Although the PCE of the CsPbBr;-based solar cell is limited
by a relatively large band-gap, it has been targeted as a poten-
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tial material for stable high-voltage solar cells."®™ As previously

described,"*? the dopant Bi*t is used to extend the range of
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Figure 9. A) Powder XRD patterns of the parent CsPbBr; nanocrystals and
anion-exchanged samples (using PbCl, and Pbl, as halide sources), showing
the retention of phase pure cubic perovskite structure and an average
(Scherrer) crystallite size of 8-10 nm. The shift of the XRD reflections is line-
arly dependent on the composition (Vegard's law), indicating the formation
of uniform solid solutions. B) Schematic of the anion-exchange within the
cubic perovskite crystal structure of CsPbX; along with a list of suitable re-
agents for each reaction when performed in organic media. C-D) TEM
images of ~ 10 nm CsPbX; nanocrystals after treatment with various quanti-
ties of chloride (C) and iodide (D) anions. The insets show the evolution of
emission colours (under a UV lamp, 1 =365 nm) upon forming mixed-halide
CsPb(Br/Cl); and CsPb(Br/l); to fully exchanged CsPbCl, and CsPbl; nanocrys-
tals. Adapted and reprinted with permission.['®%

MoO,
spiro-OMeTAD
CsPbl, QDs

TiO

2

o

=)

Effyy 50 = 10.77 %
Voe =123V
Jgo = 13.47 mAcm?

FF =0.650

(]

[=]

Current Density (mA cm'z)

T
00 02 04 06 08 10 1.2
Potential (V)

Figure 10. A) Schematic (with TEM image of quantum dots) and B) SEM
cross-section of a CsPbl;-based PSC; C) J-V curves of a device measured
under normal air for 15 days, the black diamond represents the stabilized
power output of the device at 0.92 V; D) High-resolution TEM of CsPbl,
quantum dots synthesized at 180 °C. Adapted and reprinted with permis-
sion.l'4

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

:@2 ChemPubSoc
et Europe

the light absorption of CsPbBr;. Although Bi*" has a higher va-
lence than Pb?*, the more similar ionic radius of Bi** (1.03 A)
and Pb?*" (1.19 &) accounts for the possibility of substitutional
doping within the crystal. Miao etal. prepared air stable
CsPbBr; and Bi*"-doped CsPb, ,BiBr; (x<<1) single crystals
with a cuboid shape via a modified anti-solvent vapour-assist-
ed crystallization method."® The scheme of the reaction is
summarized in Figure 11A. The darkness of the synthesised
crystals increased proportionally with the amount of inserted
Bi*". As for CsPbBr;, CsPb,_,Bi,Br; showed a monocline crystal
phase that merely slightly deviated from the cubic perovskite
structure of the Pm3m (221) space group (Figure 11B-D). All
single crystals exhibited excellent electrical properties, such as
low trap density and high carrier mobility, readily comparable
to those of the MA-based and FA-based perovskite single crys-
tals.

Caesium precursors for the synthesis of CsPbBr; have limited
solubility in organic solvents, thus making typical solution dep-
osition methods difficult to be adapted to device fabrica-
tion."®” There are few reports on CsPbBry-based PSCs.[6%16%
Hoffman et al. developed a layer-by-layer deposition procedure
for bulk CsPbBr; from fully suspended CsPbBr; quantum dots
that provided controllable thickness and a cubic perovskite
crystal structure.'” This deposition method allowed achieving
films with controllable thickness and growth rate in a very
simple way. A series of parameters were considered to increase
the efficiency of CsPbBr; PSCs, including the spin-casting solu-
tion rate, the annealing temperature and the thickness of the
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final film. Spin-casting solution at lower concentration required
a higher number of deposition cycles. Layered CsPbBr; solar
cells with 6 to 24 deposition cycles provided an improved PCE
from 1.35 to 2.25% and from 1.15 to 2.13% for the forward
and reverse scan directions, respectively. Modification in the
thickness of the active layer was also reported by Akkerman
et al."”" They developed CsPbBr; perovskite nanocrystal-based
solar cells and recorded PCE values ranging from 0.67 to 5.4%.

Panigrahi et al. claimed that the efficient charge transfer pro-
cess also depends on the generation and extraction of the
charge carriers at the interfaces."”? The perfect band align-
ment across the layers of the perovskite absorber, ETL and
HTL, facilitated the separation of the photoinduced charge car-
riers and their transportation to the respective electrodes (Fig-
ure 12 A). Kelvin probe force microscopy (KPFM) was used to
investigate the various charge transfer dynamics at the interfa-
ces of the solar cells under different radiation wavelengths of
the full electromagnetic spectrum (white light). They observed
the local contact potential difference distribution across the
cross-section of the solar cells using a planar ITO/TiO,/CsPbBr,
quantum dots/spiro-MeOTAD/Au structure (see SEM images in
Figure 12B). Moreover, they investigated the influence of the
different radiation spectra on the generation and transport
processes of the charge carriers inside the solar cell. The solar
cell showed high V,.=0.859V, J,,=8.55 mAcm 2 and FF=0.57
(Figure 12C), which led to a PCE of 4.21 %.

Recently, a new approach was used to absorb a higher
amount of solar radiation than in conventional thin-film
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Figure 12. A) Schematic diagram of charge separation in the solar cell under the illumination of the full solar spectrum (white light), together with the
scheme of opposite polarities of accumulated charges (electrons and holes) in the two regions (ETL and HTL); B) cross-sectional SEM image and C) J-V charac-
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cells."”® 3D photonic crystals made of close-packed spheres
with an inverse opal morphology have attracted increasing at-
tention due to their novel optical features of tuneable photon-
ic stop bands."”¥ Zhou et al. combined carbon quantum dots
with an inverse opal CsPbBr; perovskite.'” They synthesised,
for the first time, a carbon quantum dot-embedded CsPbBr; in-
verse opal structure through a template-assisted spin-coating
method and fabricated efficient PSCs based on the structure of
FTO/TiO,/carbon quantum dots-embedded CsPbBr; inverse
opal/spiro-OMeTAD/Ag. The CsPbBr; inverse opal exhibited
tuneable optical response performance. Iridescent colours to
naked eyes arising from the photonic band-gap change of in-
verse opal structures were clearly notable and, with respect to
planar CsPbBr;, this novel active material exhibited a higher
PCE equal to 8.29%.

As discussed previously, the problem of solution processing
for the CsPbBr;, due to solubility limitations of the bromide
ion, was overcome by using the two-step method of Proteses-
cu et al™ On this note, Sutton et al. showed that the same
method could be condensed in one-step solution processing
route and used to partially incorporate Br on CsPbl,."’® There-
fore, the structural stability of CsPbl; was improved by proper
selection of the mixed halide composition of the absorber ma-
terial. Among the full series of caesium lead halide perovskite
(CsPbl,Br;;_,), CsPbl,Br demonstrated a perfect combination of
ambient stability and suitable band gap (1.92 eV) that makes it
a promising material for tandem devices, such as c-Si and CIGS
solar cells."”” Two different device architectures were reported
based on ¢-TiO, (compact) and m-TiO, (mesoporous). Planar
devices showed the highest efficiency, with an average PCE of
6% and two record efficiency devices exceeding 9%. Kennedy
et al. carried out further characterization of the CsPbl,Br perov-
skite through ultrafast recombination dynamics and excited-
state diffusion.!"’®
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After these encouraging results, CsPbl,Br attracted remark-
able attention in the all-inorganic perovskite research com-
munity. Ma et al. investigated the stoichiometric effect on the
stability of CsPbl,Br thin films and devices fabricated by dual
source thermal evaporation.” They compared the CsBr- and
Pbl,-rich CsPbl,Br devices with the less stable stoichiometrically
balanced CsPbl,Br device. Once encapsulated, CsPbl,Br provid-
ed the best cell PCE performance of 7.7% under reverse scan
and a stabilized PCE of 6.7% for a 0.159 cm? device. Chen et al.
stoichiometrically controlled the CsPbl,Br perovskite thin films
by co-sublimation under high vacuum,"® achieving a band-
gap of 1.82 eV, PCE of 11.8%, high V.. (1.13 V), small hysteresis,
and superior thin-film and device stabilities.

According to these results, Nam et al. shed light on the dif-
ferent annealing procedures that cause large variation in the
surface morphology and photovoltaic properties."®" They pre-
pared solution-processed CsPbl,Br perovskite films by the one-
step spin-coating deposition with annealing processes in the
range of temperature 100-350°C. The observation supported
the hypothesis that the under- (260°C) and over-annealed
(330°C) films were chemically unstable against moisture. A
comparison proposed by Nam et al. on the different annealing
procedures reported in the literature is shown in Table 218", Al-
though their samples were prepared under ambient atmos-
phere (~20°C, RH<10%), Sutton etal!”” and Niezgoda
et al."® performed experiments in an inert gas-filled glovebox
to avoid air oxygen and moisture, which may significantly
impact on the crystal growth and degradation. Highly efficient
planar heterojunction PSCs were obtained by optimal anneal-
ing. The device configuration Au/spiro-OMeTAD/CsPbl,Br/
blocking-TiO,/FTO/glass exhibited V.. of 1.23 V and an overall
PCE of 10.7 %.

Lau et al. demonstrated a low-temperature process to syn-
thesise the CsPb, ,Sr,l,Br compound."® The incorporation of
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Table 2. Comparison of the literature reports on CsPbl,Br PSCs, with rela-
tive most significant photovoltaic parameters. Adapted and reprinted
with permission.!'®"
Deposition Annealing Voo  Jie FF  PCE Ref.
method temperature [°C] [V] [mAcm?] [%]
Spin-coating 280 (2 min) 1.20 11.0 0.71 9.4 (10.7) [181]
Spin-coating 350 (10 min) 085 11.8 0.57 6.0(9.8) [177]
Spin-coating 1) 65 (5 min) 1.12 109 - 68 [139]

2) 135 (15 min)

Vacuum 260 (1 min) 115 15.2 0.67 11.7 (11.8) [180]
co-sublimation
Spin-coating 280 (10 min) 1.18 10.0 0.70 82(9.5) [183]
Spin-coating 345 (10 min) 1.08 13.0 0.66 9.2 (10.3) [182]

strontium (Sr*™) into CsPbl,Br modified both the electronic and
the optical properties of the absorber material, as well as the
crystallinity and morphology of the resulting perovskite. Fig-
ure 13A shows the XRD patterns of the CsPb,_,Sr,l,Br films,
where the characteristic “snowflakes” morphology is clear in
the brighter region of SEM images (Figure 13B-F). The Sr-
doped mesoporous PSCs exhibited enhanced performance at
Sr=0.02 molar concentration, resulting in a stabilized PCE of
10.8% (Figure 13 G, H).

Bai et al. obtained a record efficiency for CsPbl,Br solar cells
(13.47 %, stabilized), by using Mn?" ion doping to modulate
film growth and achieving grains with aspect ratios as high as
8.5 Moreover, Mn*" ions passivated grain boundary and sur-
face defects, leading to a decrease of recombination phenom-
ena and improvement of V. values up to 1.172 V.

Liang et al. synthesised a novel Cs-based inorganic perov-
skite, CsPb,4Sny,IBr,, through a convenient two-step sequential
solution-phase process in ambient conditions with no need of
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glovebox or humidity control.™® The novel material showed

suitable band-gap (1.79 eV), close to that of CsPbl,, and superi-
or air stability. Furthermore, they used a new device configura-
tion by replacing the expensive noble metal electrodes with
highly stable and conductive carbon electrodes. The FTO/c-
TiO,/m-TiO,/CsPby4Sny,IBr,/carbon device exhibited an out-
standingly high V. of 1.26 V and a PCE of 11.33%, as well as a
good stability against heat (as high as 100°C) and humidity.

Replacement of Pb with another group 14 metal, such as Sn
or Ge, in all-inorganic PSCs is the new frontier of research to
allow PSCs intruding the market on a large-scale in the coming
years. Peedikakkandy et al. studied in details the structural and
optical properties of Pb-free Sn-based halide perovskites at dif-
ferent compositions."® They focused on the calculation, using
Kubelka-Munk conversion, of the optical band-gap of these
materials. The absorption edge was found to be blue-shifted
(from 1.3 to 2.8 eV) upon reducing the size of the anions, that
is, from I~ to Br~ to CI7, which renders these Pb-free perov-
skites extremely promising for application in optoelectronic
and solar cell devices. Indeed, Sn-based CsSnl; perovskite was
employed in 2012 as the inorganic hole-transporter in solid-
state dye-sensitized solar cells (DSSCs).®" The substitution of
Pb with Sn in the lattice reduces toxicity, but worsens the air
stability of the resulting materials."® On the other hand, using
Sn in its stable +4-oxidation state, a deficient Cs,Snlg with a
double perovskite structure is obtained. Cs,Snlg has a direct
band-gap of 1.3 eV and is more stable versus oxidation and hy-
drolysis during device processing and operation."'®'*" Dolzh-
nikov et al. used hot injection of Cs oleate (CsOA) into Snl, to
synthesize quantum/confined Cs,Snlg nanocrystals with band-
gaps from 1.38 to 1.47 eV through this reaction [Eq. (1)]:

4CsOA + 2Snl, — Cs,Snlg + 2Csl + Sn(OA), (1)
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Figure 13. A) XRD patterns of low-temperature-processed CsPb,_,Sr,l,Br films. SEM images of B) CsPbl,Br, C) CsPbggeSroq;1,Br, D) CsPbgosSroe,l5Br,
E) CsPbq,Sro0315Br, F) CsPbyo5Sr,05l,Br; the inset SEM images are taken in the darker region. G) Light J-V characteristics under reverse scan and H) external
quantum efficiency (EQE) spectra of FTO/c-TiO,/mp-TiO,/CsPb,_,Sr,l,Br/P3HT/Au devices as a function of Sr*™ concentration in the perovskite. Adapted and re-

printed with permission.!'®*
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No surfactants were needed to dissolve the Sn precursor,
and the diameter of the nanocrystals increased at increasing
mixture temperatures. The stability of the colloidal solution
upon time was sufficient to allow the deposition of uniform
films by simple drop-casting and, consequently, their use in
transistors, solar cells and light-emitting diodes (LEDs).!"*"

Lee et al. reported a detailed study on the formation of air-
stable molecular semiconducting Cs,SnlBr,_, mixed-halide
double perovskite.'"? The solid-solution nature of the systems
is evidenced by the change of the lattice parameter and the
shift of the optical band-gap (Figure 14A). These materials
were tested in solid-state Cs,Snls-based cells; the most efficient
cell achieved a 2.05% PCE (Figure 14B) and both Cs,Snls and
Cs,SnBr,l, maintained good performances upon air stability
tests for 50 days (Figure 14C).

Recently, double perovskites based on bismuth and mono-
valent metals (Cs,BBi*"X, in which B=Cu, Ag, Au) were ex-
plored as alternative to lead halide perovskites."* Li et al. sub-
stituted Pb>" with the trivalent Bi*" cation having the same
electronic configuration, and Ag™ as second cation. The re-
sulting Cs,AgBiBr, double perovskite exhibited an excellent sta-
bility and long carrier recombination lifetime. Modulating the
pressure during synthesis, they successfully narrowed the
band-gap of Cs,AgBiBrs from 2.2 to 1.7 eV, accounting for the
promising prospects of this newly designed material in Pb-free
inorganic PSCs.

Caesium-Doping in Other Perovskite Solar Cell
Components

In the previous sections, the fundamental importance of Cs as
perovskite doping agent was thoroughly detailed. However, it
also plays important roles in a series of other cell components.
In particular, Cs modifies the electric transport properties of
both ETLs and HTM:s.

Mahmud et al. used Cs to improve the properties of solution
processed ZnO thin films as ETLs."® Indeed, even if they are
cheap and facile to prepare at low temperature,®'* ZnO ETLs
typically exhibit deep trap states due to oxygen chemisorp-
tion,"™”" which drives the electrons from perovskite LUMO to
hop between these trap states before being collected by the
back-electrode. As a solution, Mahmud et al. carried out the
surface modification of ZnO ETL with Cs-based compounds
(acetate and carbonate) to fabricate highly efficient (16.5%)
mixed organic cations based MA,¢FA,4Pbl; PSCs by restricted
volume solvent annealing method."*® Caesium acetate-based
ETL demonstrated a 50 meV upshift in the Fermi level position
with respect to the carbonate-based counterpart, contributing
to higher n-type conductivity and lower electron injection bar-
rier at the interface. In addition, Cs modification profoundly in-
fluenced the perovskite microstructure, leading to larger grain
size and uniform distribution. The resulting devices demon-
strated 400 % higher long-term stability if compared to the car-
bonate-based counterparts, retaining almost 90% of the initial
PCE even after 30 days of systematic degradation study.

Among the different PSC device architectures, inverted
planar structure is attracting increasing attention due to its
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Figure 14. A) Change in the lattice constant and shift in the optical band-
gap both indicate the solid-solution nature of the Cs,Snl,_,Br, system (inset:
surface morphologies of different compounds, with scale bar=1 mm); B) J-V
characteristic curves of a series of cells in the “sandwich” configuration with
different composition of Cs,Snls_,Br, (inset: IPCE values for Cs,Snl;—black—
and Cs,SnBr,l,—green); C) Stability curves of Cs,Snl (black) and Cs,SnBr,l,
(green) based solar cells upon 50 days aging under air. Adapted and reprint-
ed with permission.""?

low hysteresis, easy setup, and possibility of low temperature
processing."** One of the key issues in this scenario is the
performance improvement of HTM in terms of conductivity.
Indeed, low conductivity values result in increased recombina-
tion phenomena and reduced hole extraction;**® this draw-
back can be avoided by either adjusting the stoichiometry of
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the films or doping, as demonstrated by Chen et al. who stud-
ied the impact of Cs dopant on the optoelectronic properties
of Ni0,.”*® Smooth, highly transparent films were prepared by
the simple solution-based method in the presence of Cs, lead-
ing to enhanced electron conductivity and work function. As a
result, the solar cell efficiency increased from about 16 to 19%;
the best cell provided PCE=19.35%, also bearing excellent
long-term stability (Figure 15A). These remarkable results were
attributed to a significant improvement in the hole extraction
and a better band alignment compared to undoped NiO,.
Another possible role for Cs in PSCs is the stabilization of
solar cell interfaces. For example, mesoporous and planar het-
erojunction PSCs typically use a TiO, compact layer as the elec-
tron collection layer®** However, upon UV light exposure,
photo-generated holes in TiO, are very reactive and can
induce deep traps leading to charge recombination.”® To
avoid this issue, Li et al. demonstrated that CsCl crystal seeds
can markedly enhance the coating of the CH;NH,Pbl;_,Cl, ab-
sorber layer on TiO, in planar heterojunction solar cells.”® The
CsCl modification layer was obtained directly onto the TiO,
compact layer by spin-coating in water/isopropanol, and led to
PCE values up to 16.8%. The CsCl-treated devices maintained
70% of the original PCE after a prolonged (200 min) intensive
UV irradiation, definitely outclassing the untreated devices. It
was proposed that CsCl likely worked as an UV barrier, whereas
other trace amounts of Cs* replaced CH;NH;* in the films,
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Figure 15. A) J-V curves of Cs:NiO, perovskite devices freshly prepared and
after 70 days of storage under inert environments (devices were encapsulat-
ed with cover glass, with edge areas sealed with epoxy glue/resin; cells
were stored in the glove box and taken outside the glove box only for test-
ing); B) schematic view of the CsCl modification of perovskite thin films in
different atmospheres. Adapted and reprinted with permission.2%*20¢!
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thus depressing the generation of CH;NH, and modifying the
crystal energy of CH;NH;Pbl;_,Cl, (Figure 15B).

The approach described in the previous paragraph is typical
(and necessary) for PSCs fabricated with mixed perovskite films
because a significant electron transport barrier at the TiO,/per-
ovskite interface limits their performance. As an alternative, Ye
et al. utilized Cs,CO; and Csl as functional enhancers, substan-
tially balancing the electrons and holes transport and increas-
ing the mobility of the carriers.”® The modified PSCs exhibited
reproducible PCE values with little hysteresis in the J-V curves,
achieving efficiencies up to 19.5 and 20.6% for the Cs,CO;-
modified and Csl-doped cells, respectively. The dream for PSCs
remains that of approaching a stable and reproducible tech-
nology because it has also been important for DSSCs?%%22
and other energy-related devices.??>"

Caesium-Doped Perovskites in Emerging Tech-
nologies

Enhanced optical absorption, long carrier diffusion length and
high carrier mobility of perovskite materials can also be ex-
ploited in other applications than standard solar cells. More-
over, the integration of PSCs with energy storage sys-
tems®22%9 represent a strong research platform for future
years.

Waleed et al. demonstrated the application of CsPbl; nano-
wires as visible-light photodetectors.”*" The obtained devices,
the scheme of which is shown in Figure 16 A, delivered quick
photoresponse, given by rise and decay times of photocurrent
equal to 0.292 and 0.234 s, respectively. Responsivity and spe-
cific detectivity reached up to 6.7 mA W' and 1.57x 10® Jones
under a light intensity of 1.5 mWcm™2 These important figures
of merit were attributed mainly to the stabilization of the
cubic phase of CsPbl,. It was achieved by the interesting ex-
perimental preparation procedure of the nanowires (i.e., chem-
ical vapour deposition method carried out inside anodic alumi-
na membrane), which led to the excellent passivation against
intrusion of water molecules as well as nanostructure associat-
ed high surface energy.

Cs-based photodetectors were studied also by Ramasamy
etal., who described simple, fast and reproducible halide ion
exchange reactions in CsPbX; (X=Cl, Br, 1) nanocrystals at
room temperature using lithium salts.**? This preparation tech-
nique is rather powerful and allows the fine-tuning of the opti-
cal properties of the nanocrystals conceived for optoelectron-
ics applications. The green emission (508 nm) from CsPbBr,
nanocrystals was tuned over the entire visible spectral region
(425-655 nm, see Figure 16B) using Lil or LiCl, and the ex-
change reactions were found to be very fast and proceeded to
completion in the order of few seconds. The fabricated photo-
detectors (Figure 16 C,D) exhibited a good on/off photocurrent
ratio of 10°; when the laser was turned on, the photocurrent
sharply increased with the applied bias voltage due to the in-
crease in carrier drift velocity. Relatively fast rise (24 ms) and
decay times (29 ms) of photocurrent were measured.

Photoluminescence blinking represents another interesting
phenomenon where the photophysical properties of Cs-based

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 16. A) Band diagram for CsPbl; perovskite nanowire-based photodetector device with aluminium and indium-doped tin oxide (ITO) as electrodes (left),
schematics of CsPbl; perovskite nanowire-based device with top circular electrode of ITO having an area of 0.0314 cm? (right); B) digital photograph of anion-
exchange-synthesized colloidal nanocrystals in hexane under UV lamp (1 =365 nm); C) schematics of the resulting CsPbl;-based photodetector and D) photo-
current-time response measured in the dark and under illumination using a laser diode at 405 nm as a function of applied bias at a fixed light intensity

(1.98 mWcm?). Adapted and reprinted with permission "4

perovskites can be exploited. In this system, the photolumines-
cence intensity of single emitters randomly switches between
bright emissive state and dark non-emissive state under con-
tinuous excitation. Zhang et al. proposed colloidal CsPbX; to
this purpose. They regulated the blinking behaviour through
varying the halide composition.?*' By means of two different
anion-exchange routes (Br~ ions—l~ ions and the reverse |~
ions—Br~ ions) the interior traps of the perovskite nanocrystals
were eliminated, and the resulting alloyed structure reduced
the rate of Auger recombination. Under optimized conditions,
the authors fabricated “non-blinking” mixed-halide CsPbBr;,]I,
nanocrystals (noteworthy, the “on time” fraction exceeded
99% of the observation time) in a percentage of about 71%.

LEDs, luminescent solar concentrators and related photonic
technologies represent other platforms where Cs-based perov-
skites can behave as core materials in combination with other
recently emerged advanced concepts.?****¥ In this scenario,
Mn?* doping is currently considered one of the leading strat-
egies to modify the optical and magnetic functionalities of
nanocrystals of various chalcogenide and oxide semiconduc-
tors. An interesting synergy between these materials
chemistry features was proposed by Yuan et al., who synthe-
sized a series of Mn?"-doped CsPbCl; nanocrystals using reac-
tion temperature and precursor concentration to tune Mn**
content up to 14%.7 The obtained nanocrystals showed
Mn?** “T,;—°A,, d-d luminescence within the optical gap coex-
isting with excitonic luminescence at the nanocrystals absorp-
tion edge, and quantum yields up to 62% were observed for
Mn?* concentrations of about 3%. The obtained photophysical
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properties of these Cs-based perovskites resulted in a new
class of doped semiconductor nanocrystals bearing potential
nanophosphor applications.

In the framework of light-induced effects in advances mate-
rials,>*¢2*Y photoluminescence probes for metal ions represent
another challenging application for Cs-based perovskites.
Indeed, due to the significance of metal ions in biological and
industrial systems, demand is growing for strategies of trace
metal ions probing under various conditions. For this purpose,
Sheng et al. proposed CsPbX; quantum dots as Cu** and Yb**
probe with high sensitivity, high selectivity and instant re-
sponse through the quenching or enhancement of the photo-
luminescence.”® Impressively, the probing limit for Cu®*" and
Yb®" ions were as low as sub-2x107° and ranged up to 2x
107> m. This finding nowadays represents a competitive strat-
egy to detect metal ions in biological and industrial organic
systems, especially for those species (like rare earth ions) that
are nutritionally essential and medically important for a healthy
life, but only at low levels.

It is reasonable thinking that the current efforts in develop-
ing novel perovskite nanostructures will be soon a precious re-
source in the field of sensors, electronics and energy-related
deVices.[266_275]

Conclusions

In this article, we reviewed the most significant improvements
in stability, reproducibility and spectral properties of perovskite
solar cells achieved by the scientific community through Cs-
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doping. In this respect, the scientific community is currently fo-
cused on developing both hybrid organic-inorganic and inor-
ganic perovskite solar cells being stable upon long-term opera-
tion, and this might be achieved by appropriate synthetic
strategies, optimized compositions and in-depth analysis of
crystallographic parameters.?76-28"

At this point of development, thanks to Cs-doping, the per-
ovskites-based photovoltaic technology can rely on reproduci-
ble and consolidated preparation procedures of the active ma-
terials, which represent a fundamental milestone in view of
their widespread diffusion. Future studies should be devoted
to identifying novel preparation techniques likely under ambi-
ent conditions and optimization thereof towards production
and commercialization of modules on a large-scale.
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