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Introduction

Nowadays, one of the most important research field regards the development of environmentally
sustainable and commercially viable sources of energy due to the continuous growth in energy
demand. The global energy consumption is of about 14 thousand of Mtoe! [1] and is expected
to further increase in the future. Since fossil fuels are finite energy resources and their burn-
ing causes environmental air pollution, the research of green and sustainable energy sources is
mandatory.

The sun is an inexhaustible renewable energy source enough to provides an energy amount
much larger than the total world consumption. However, actually, solar energy contributes of
merely 2% of the total electricity production [1] and less than 1 % of the total energy consumption
[2] due to the high cost of photovoltaic technology. For this reason, the research of novel materials
to advance solar energy harvesting is necessary.

In this context, a new class of low-cost semiconductor materials, called “perovskites”, at-
tracted a lot of attention from the scientific community in the last decade given their very good
electrical and optical properties [3-5]. Indeed, these materials have a high absorption in the
visible spectral region (10* =105 cm~! [6-8]), long carrier diffusion lengths [9-12], low effective
masses of electrons and holes [13,14], high carrier mobilities (>100cm? V~1s~! [12,15]), toler-
ance towards defects [16,17]; in addition, their emission is easily tunable from near-infrared to
near-ultraviolet by varying the composition [18].

Since 2009 hybrid organic-inorganic perovskites, in particular methylammonium lead iodide
(CH3NH3PDbI3, see also MAPI), have gained attention in photovoltaics for the development of
a new generation of low-cost solar cells [5,19,20]: perovskite is used as absorbing layer and
embedded between two transporting layers, that separately collect electrons and holes. The
first perovskite solar cell (PSC), with a structure similar to a dye-sensitized solar cell (DSSC),
was reported by Kojima et al. [21] in 2009: MAPI was used as light absorber and the power
conversion efficiency (PCE), i.e. the ratio between the output electrical power and the incident
sunlight power, was of merely 3.8%. Remarkably, after just seven years of active research,
the PCE of perovskite solar cells (PSCs) has increased to above 22 % [22,23], reaching value
comparable to that of other thin-film photovoltaics [19,20], with the major advantages that
PSCs are realized through low-cost fabrication techniques.

However, despite such rapid progress, the commercialization of PSCs is hindered by several
factors [24], in particular the material instability and the toxicity of lead. Indeed, hybrid organic-
inorganic lead halide perovskites easily degrade in presence of moisture [25,26], light [27,28] and
heat [29] due to the organic part of the compound. In addition, also other components of the
cell (transporting layers, electrodes) can introduce further degradation mechanisms [30-33]. The
stability in PSCs was enhanced, maintaining the performance, by replacing methylammonium
(CH3NHJ ) cation with caesium [34-36] and/or formamidinium (HC(NHy)3) [37-39], or partially
replacing iodine anion with bromide [27,40]. The lifetime of PSCs was increased from few

hours in 2009 [21] to about one year in 2017 [41]. However, this value is not sufficient for the

11 Mtoe (Million of toils equivalent) corresponds to about 4.4 TWh.
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commercialization: silicon panels are guaranteed to work for at least 20 years.

Concerning the toxicity problem, other metal cations were recently investigated as substitute
of lead, both in inorganic and in hybrid organic-inorganic perovskites [42]. Among them, Sn-
based halide perovskites are particularly promising alternatives to Pb-based counterparts given
their narrow band gap (~1.3eV for MASnl3 [43]), close to the Shockley-Queisser limit (1.34eV
[44]). However, tin-based PSCs are unstable when exposed to air for the oxidation of Sn?*
to Sn**. This process leads to the easy formation of tin vacancies, causing large p-doping
concentrations [45-47]. In order to passivate these defects, SnFy or other excess divalent Sn

compounds are used as additives during the synthesis [48,49].

Another key point for the commercialization is the possibility to replicate small cells in large
area modules and panels without loss in efficiency. Unfortunately, PSCs used in fundamental
studies are typically small in area (< 1cm?) and only few reports have recently appeared on the

preparation of large area modules (> 10 cm?) with good efficiency (>10%) [50-53].

Besides photovoltaics, perovskites are promising materials also for the realization of efficient
light sources [54,55] in the whole visible range due to the high photoluminescence quantum
efficiency, being a direct band gap semiconductor, and the easy tunability of their emission
spectra. In this context, a key work of Protesescu et al. [18] in 2015 reported, for the first time,
the synthesis of highly-luminescent all-inorganic colloidal caesium lead halide (CsPbX3, X =Cl,
Br, and I) nanocrystals (NCs). After this report, inorganic perovskite NCs have attracted
intense research interest because their superior optical properties also with respect to inorganic
quantum dots (QDs). First of all, halide perovskite NCs show narrow linewidths (~20nm [18,
56,57]) irrespective on their size, while inorganic QDs shows size-sensitive emission spectra [54].
Moreover, perovskite NCs exhibit a high photoluminescence quantum efficiency even without
any surface passivation [18,56,58], that is related to the direct band gap and to the tolerance
towards defects [17]. These properties make perovskite NCs suitable for electrically driven
LEDs; the efficiency of perovskite LEDs reaches value of 8.7% [59], 14.1% [60] and 1.9 % [61]
for green, red and blue regions, respectively, but, at present, remains below the efficiency (> 20%)
demonstrated for organic LEDs and QD LEDs operating in the visible [62,63]. Moreover, due
to the narrow emission and the continuous spectral tunability, halide perovskite NCs exhibit a
wide colour gamut, that covers a greater area (>140%) than the National Television System
Committee (NTSC) colour standard [18], making them promising candidate as light converters
in back-light display applications.

Finally, perovskites are interesting materials for multicolour lasing devices. Indeed, room
temperature amplified spontaneous emission (ASE) [64,65] and lasing [66-70] were demonstrated
in hybrid and all-inorganic perovskites films and nanostructures with low threshold values (from
nJcm~2 to pJ em~2). In addition, very recently [71], lasing in perovskites was also demonstrated

under continuous-wave optical pumping at room temperature.

Despite the impressive technological advancement of perovskite materials for light sources
and energy harvesting applications, a deep knowledge and understanding of the physical pro-
cesses that rule the carriers recombination and transport in these materials is still necessary in

order to improve the performance of the devices.
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In this thesis I present an experimental study of the optical properties of hybrid organic-

inorganic MAPI perovskites and all-inorganic caesium lead bromide (CsPbBrs) perovskites by

means of high-resolution photoluminescence (PL) spectroscopy. MAPI perovskites are mainly

studied for photovoltaic applications, given the band gap of ~1.6eV at room temperature, and

for near-infrared light sources. On the contrary, CsPbBrs perovskites are mainly investigated for

the realization of efficient green light sources. This work comes from the scientific collaboration

with several groups that provided us the different samples:

Prof. Aldo di Carlo group’s of the Centre for Hybrid and Organic Solar Energy (CHOSE)
of University of Rome Tor Vergata. This group provided us samples to study the charge
recombination dynamics in MAPI PSCs with different graphene-based electron transporting
layers (ETLs);

Dr. Alexander Weber Bargioni’s group of the Molecular Foundry National Laboratory of
Berkeley, who provided us MAPI perovskites with different morphology (thin films and mi-

crostructures) to investigate the physical origin of the superlinear emission in these materials;

Dr. Stefano Caporali’s group at the Department of Industrial Engineering and the Depart-
ment of Chemistry at the University of Florence, who provided us several CsPbBr3 perovskite
samples (nanocrystalline film, single crystals, ...) that allowed us to study different aspects of

the radiative emission (recombination dynamics, relaxation processes, ...) in these materials.

In summary, this PhD thesis is organized as follows:

>

in Chap.1 I discuss the structural, optical and electrical properties of perovskite materials,
focusing on MAPT and CsPbBrs perovskites;

in Chap. 2 I describe the main synthesis techniques used to obtain perovskite films, single
crystals, microstructures and nanostructures. Moreover, I present the main factors that cause

instability in perovskite materials;
in Chap. 3 I briefly review the possible applications of perovskites;

in Chap.4 I describe the experimental setups used to perform time-integrated and time-

resolved PL measurements;

in Chap. 5 I present results concerning the improvement of the performance of MAPI PSCs

using graphene-based ETLs;

in Chap.6 I discuss the origin of the superlinear emission in MAPI perovskite film and

microstructures;

in Chap.7 I show the relevant role of the surface states in the recombination dynamics of

CsPbBr3 nanocrystals;
in Chap. 8 I discuss the relaxation process in CsPbBr3 single crystals and spin-coated films;

Finally, in the conclusions, I resume the most relevant results obtained in this work.
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§1§ Perovskites: a review

In this chapter are summarized the main structural, electrical and optical properties of per-
ovskite semiconductors, mainly focusing on methylammonium lead iodide (CH3NH3Pbljs, here-
after called MAPIT) and caesium lead bromide (CsPbBr3) perovskites.

1.1 Crystal structure and phase transition

Perovskites are a class of materials with the same crystal structure of calcium titanium oxide
(CaTiOg), discovered by the mineralogist Gustav Rose in 1839 in the Ural Mountains [72]. He
named this structure perovskite in honour of Russian mineralogist Lev Aleksevich von Perovski,
that firstly classified this crystalline structure.

Perovskites are described by the chemical formula ABXg3, where A is a monovalent cation,
B is a divalent cation and X is an anion. Perovskites are classified as hybrid and inorganic
depending on the nature of A cation. In hybrid perovskites A is an organic cation, such as
methylammonium (CHsNHZ | MA) or formamidinium (HC(NHz)3, FA), while the most common
inorganic ion employed is caesium (Cst). B cation is generally a divalent metal (Pb%*, Sn2*t,
Ge?") and X is an halogen (I~, Br—, Cl7).

The ideal perovskite crystal structure (Fig.1.1) has a cubic symmetry: A ions occupy the
cube-corner positions, B ion the body-centered position and X ions the face-centered positions;
B and X ions are coordinated in a BXg octahedron. To predict the stability of perovskite
structure two geometrical parameters are typically used: the tolerance factor (t), developed
by Goldschmidt [73], and the octahedral factor (u), developed by Li and coworkers [74]. The
tolerance factor is the ratio between the A-X distance and the B-X distance in a cubic structure
and it is given by

+ = _Ra+Rx (1.1)

V2(Rp + Rx)’
where R4, Rp and Rx are the ionic radii for A, B and X respectively.
In the case of hybrid organic-inorganic perovskites, A ions are organic molecular cations,
where the variation of the bond lengths due to hydrogen-bonding interactions make difficult to
define an ionic radius. To address this point, Kieslich et al. [75,76] proposed a rigid sphere

model to obtain an effective ionic radius for the molecular cation (74 cf¢), defined as

TAeff = Tmass + Tion- (12)

Figure 1.1: The perovskite cubic crystal structure. The BX¢ octahedra are evidenced.
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Table 1.1: lonic radii (in A) of the ions most common employed in perovskites [4,76]. The effective ionic radii are
reported for organic A cations (MA, FA).

A B X
MA 2.17 Sn 1.1 | 2.2
FA 2.53 Pb 1.19 Br 1.96
Cs 1.67 Cl 1.81
1.10 T T T T
=C_)l.os- A © 1® MAPbl3 ®m CsPbig
[ ]
§ 100k o . A ] ® MAPOCI3 ® CsPuCl3
A MAPbBI’3A CsPbBr3
Ll 905} a ©° ]
8 . o A ) [m] MASﬂ|3 o CSSF]|3
% 0.90F L 10 MASHC|3 o CSSF]C|3
EIS A MASnBrz A CsSnBrg
5% o a o 1m FAPB; O FASNl
o080t | A ® ] ® FAPbCl3 O FASNnCl3
A FAPbBrz & FASnBrg

0.75 : : : :
045 050 055 060 0.65 0.70
Octhaedral Factor

Figure 1.2: Calculated tolerance and octahedral factor for various organic and inorganic perovskite compounds.

In Eqn. 1.2 1,445 i the distance between the centre of mass of the molecule and the non-hydrogen
atom with the largest distance to the centre of mass, while r;,, is the corresponding ionic radius
of this atom. The ionic radii of the ions most common employed in perovskites are reported in
Tab. 1.1. The effective molecular cation radii are reported for the organic A cations (MA, FA).

Instead, the octahedral factor provides a measure of the octahedral stability and it is defined

as

M—ﬁ-

In Fig. 1.2 the tolerance and the octahedral factors for various perovskites are reported. These

(1.3)

values were calculated through Eqn. 1.1 and Eqn. 1.3, using the ionic radii values of Tab. 1.1.

Studies of formability in halide perovskites [74] showed that the perovskite crystal struc-
ture is stable when 0.8 <t <1 and 0.44 < <0.9. For t values in the range of 0.9-1.0, mostly
cubic perovskites are found [75]. Instead, lower tolerance factors give a less symmetrical per-
ovskite structure due to deformation and/or tilting of BXg octahedra; the most common are
the orthorhombic and tetragonal phases (see Fig.1.3). On the contrary, if ¢ >1 the hexagonal

structure is more stable due to a large A cation radius [77].

Figure 1.3: Tetragonal (a) and orthorhombic (b) perovskite crystalline phases [78].
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Table 1.2: Phase transition temperatures for MAPbX3 (left) and CsPbX3 (right) perovskites [79-82].

Composition Crystal Temperature Composition Crystal Temperature
Structure (K) Structure (K)

Cubic > 179 Cubic > 320
MAPbBCl3 Tetragonal 173-179 Tetragonal 315-320
Orthorhombic <173 CsPbCls Orthorhombic ~ 310-315
Monoclinic <310

Cubic > 237
MAPbBr3 Tetragonal 147-237 Cubic > 403
Orthorhombic < 147 CsPbBr3 Tetragonal 361-403
Orthorhombic <361

Cubic > 327
MAPbI3 Tetragonal 162-327 CePbl; Cubic > 602
Orthorhombic <162 Orthorhombic <602

Moreover, perovskites crystal structure depends also from temperature. In fact perovskites
undergo structural phase transitions, with a reduction of symmetry decreasing the temperature,
with the orthorhombic phase at lower temperature than the tetragonal one. In Tab. 1.2 the phase
transition temperatures for MA and Cs lead halide perovskites are summarized. For MAPI, the
phase transition from the orthorhombic to the tetragonal phase occurs at about 162 K, while
the cubic phase is stable only at temperature higher than 327 K. On the contrary, MAPbBr3
and MAPDCI3 are stable in the cubic phase at room temperature due to the higher tolerance
factor (see Fig.1.2). Finally, CsPbBrj is stable in the orthorhombic phase up to 361 K. We can
see that, decreasing the halogen radius (Cl — Br — I), the phase transitions occur at lower
temperatures. This can be due to an increase of the stability of the perovskite structure since

the tolerance factor increases with a reduction of Ry!.

1.2 Electronic properties

1.2.1 Electronic structure

Both theoretical electronic band structure calculation [83—-85] and absorption measurements
[6,7,86] show that perovskite materials are direct band gap semiconductors. Thus, the valence
band maximum (VBM) and the conduction band minimum (CBM) lie at the same k-point in
the reciprocal space.

The electronic band structure of perovskite semiconductor near the band edge is primarily
defined by the BXg octahedra [87-90]. As shown in Fig.1.4(a), for lead halide perovskites the
VBM is composed of an antibonding coupling of the halide np® orbitals (n is the principal
quantum number, n =3,4 and 5 for Cl, Br, and I, respectively) and the metal 6s® orbitals. Due
to the antibonding nature, the VBM is above the halogen p atomic orbital level. Instead, the
CBM arises from an antibonding mixing of the metal np% orbitals and the halide np® orbitals,
with a prevalent contribution of the metal np® orbitals. Due to the ionic character of lead halide

perovskites, the antibonding coupling between Pb(6p) and X(6p) is not strong [16]. Therefore,

Ra—Rp

VTPt Since R4 is typically grater than Rp (see Tab.1.1),

The Eqn. 1.1 can be also written as t = % +
t increases if Rx decreases.
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Figure 1.4: a) Schematic representation of bonding (o) and antibonding (c*) orbitals in lead halide (APbXs,
X =Cl, Br, I) perovskites showing the formation of the valence and conduction bands [92]. b) Density of states (DOS)
of MAPI perovskites separated into cation and anion contributions. The MA cation does not introduce states at the
band edge [89].

the energy difference between the CBM and the Pb(6p) atomic orbital level is not large. The
electronic states of the A cation lie far away from VBM and CBM (see Fig. 1.4(b)), thus do not
provide any direct electronic contribution near the band edge [89,91]. We can note that the
electronic structure of metal halide perovskites is inverted with respect to conventional covalent
semiconductors such as GaAs, where the CBM primarily has s orbital character, whereas the
VBM primarily has p orbital character. This peculiar electronic structure gives rise to the
anomalous band gap behaviour (the band gap energy increases with temperature), the high

absorption coefficient and the tolerance towards defects.

In Fig. 1.5 the calculated electronic structures for the cubic phase of MAPI and CsPbX3
(X =Cl, Br, I) are shown, taking into account relativistic corrections and spin-orbit interactions.
All perovskites show a direct band gap, that, in the cubic phase, is located at the R-point in
the first Brillouin zone. Instead, in the low symmetric phases the band gap lies on I' point
[93]. Another feature of the band structure is the parabolic trend of the valence (VB) and the
conduction (CB) bands near the band-edge, as shown in Fig. 1.5, with similar dispersion for
both the bands. Thus, the band dispersion near the band-edge can be expressed according to

the effective mass approximation [94],

h2k?

E(k) 2m*

(1.4)
where £ is the reduced Planck constant and m* is the effective mass of electrons (holes) in
the CB (VB) respectively. Calculated and measured effective masses for electrons and holes in
MAPI and CsPbBrj3 perovskites are reported in Tab. 1.3.

We can see that perovskite materials have similar and low values of effective masses for
both electrons and holes. As a consequence, the transport is similar in these materials for both
carriers. On the contrary, in III-V semiconductors the electron effective mass is much smaller
than the hole effective mass due to the different band dispersion; consequently, the mobility is

higher for electrons than holes.
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Energy (eV)
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Figure 1.5: a) Quasiparticle self-consistent GW (QSGW) electronic band structure calculation for MAPbIl3 perovskites
in the cubic phase [91]. b) Schematic representation of the first Brillouin zone (BZ) showing the position of the high
symmetry points. I' denotes the origin of the BZ, X is the center of a square face, M is a center of a cube edge and
R are vertices of the cube [95]. c) Density functional theory (DFT) electronic band structure calculation for CsPbX3
(X=Cl, Br, I) perovskites in the cubic phase [18]. In all graphs the VBM is set to 0eV.
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Table 1.3: Calculated and experimentally measured effective mass for electrons (m?) and holes (m;) in MAPI and
CsPbBrs perovskites. The quantities are expressed in unit of the free electron mass my.

Composition m} my Technique Ref.
0.19 0.25 Theo [83]

MAPI 0.12 0.15 Theo [91]
0.23 0.29 Theo [13]

0.104% Exp [14]

0.15 0.14 Theo [18]

CsPbBr3 0.23 0.23 Theo [96]
0.22 0.24 Exp [12]

Theo=theoretically calculated, Exp=experimentally measured.
Notes:

@ Exciton reduced mass 1/p*=1/mZ+1/m;}.

1.2.2 Band gap tunability

Influence of the composition

An interesting property of perovskite semiconductors is the easy tunability of the band gap
energy by varying the composition and, therefore, it comes the relevance of this materials for
tunable light emitter devices. In Tab. 1.4 the band gap values at room temperature for the most
common lead halide (APbX3, A=FA, MA, Cs ; X=Cl, Br, I) perovskites at room temperature
are reported. We can see that the emission energy ranges from the near ultraviolet (NUV) to

the near infrared (NIR) depending on the composition.

Table 1.4: Band gap values at room temperature for the most common lead halide (APbX3) perovskites.

MAPbX CsPbX3 APbI;

I 1576V [37] I 1.73eV [37] Cs  1.73¢V [37]
Br 2.246V [95] Br 2.286V [97] MA 1.57eV [37]
Cl 2.97eV [95] Cl 2.88¢V [97] FA  1.48eV [37]

The tunability of the emission is obtained mostly varying the halogen in the X site [18,85],
as shown in Fig.1.6. Indeed, moving down in the halogen group (Cl — Br — I) the energy
of the X(np) orbital increases, with a reduction of the band gap, that is ascribed to the shift
of the VBM to higher energy [90] and of the CBM to lower energy [98]. As seen before, also
the orbitals of the metal cation determine the electronic band structure; however, the band gap
variation that is obtained by varying the metal cation is lower compared to those obtained by
changing the halogen. For example, tin (Sn) perovskites have a lower band gap with respect to
lead perovskites [43,98,99] due to the difference in energy between the Sn(5s) and the Pb(6s)
orbitals [83].

Finally, the band gap can be also modified with the choice of A cation, although it has not a

direct contribution towards the electronic band structure. Indeed, A cations influence indirectly

/Br

Br

=
500 600

Wavelength (nanometers)

400 700

Figure 1.6: Wavelength tunability of perovskite emission by changing the halogen composition.
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the band edge structure via the modification of the bonding strength and the angle between B
and X atoms in the BXg octahedra depending on their size and/or chemical nature [100,101].
Larger cations expand the lattice and, mostly, lead to a reduction of the B-X-B angle (equals
to #=180° in the cubic structure), lowering the symmetry [101]. Theoretical calculations show
that, if 6 decreases, there is an increment of the antibonding overlap between the B(ns) and
X(mp) atomic orbitals, that produces a shift of the VBM to higher energy [101]. At the same
time, there is also a decrease of the energy of the CBM with the overlap, mainly due to the
electron transfer from the halogen to the metal cation induced by the change of the chemical
composition and crystal structure. Thus, larger A cation cause a reduction of the band gap, as
shown in Tab. 1.4 for lead iodide perovskites [37].

Moreover, also the chemical nature of A cation can alter the bonding strength between B
and X cations [100]. For example, FAPbI3 has a smaller band gap [37] with respect to MAPI,
despite the small difference in the cations size (see Tab.1.1). This behaviour is ascribed to a
different interaction between the organic A cation with the inorganic framework. Indeed, the
interaction of FA cation with Pblg octahedra is stronger than that of MA cation due to a high
tendency to form hydrogen bonding (higher number of protons in FA cation) with the iodide
anion [100], altering the ionic character of Pb-I bonds. As a consequence, there is a reduction
of the B-X-B angle, lowering the symmetry and the band gap. In addition, FAPI has a different
crystalline structure at room temperature with respect to MAPI, although the exact nature is

still controversial: hexagonal (yellow phase [99]) or trigonal (black phase [102]).
Influence of temperature

A peculiar feature of perovskite materials is the increase of the band gap with temperature
[103-109], that is opposite to the common behaviour observed in semiconductors [110]. In a
semiconductor, the variation of the band gap with temperature is due to two different contri-
butions: the thermal expansion of the lattice, that produces a variation of the electronic levels,
and the renormalization of band energies due to electron-phonon interaction [111]. Thus, the

temperature dependence of the band gap (at constant pressure) can be written as [111]

E E E [
(), - (G2),  Gar), (), 1)
oT P oT 1% olnV P oT P
where the first term represents the electron-phonon interaction and the second term the thermal

expansion; ( ala”TV)P is the volume thermal expansion coefficient. In most semiconductors the

contribution of the thermal expansion is negligible with respect to the phonon-interaction and
a red-shift of the band gap occurs increasing temperature [112]. On the contrary, in perovskite
materials the second term of Eqn. 1.5, that can be either positive or negative depending on
the electronic band structure, plays a fundamental role, since the thermal expansion coefficient
(~107*K~! for MAPI [104]) is much higher compared to other semiconductors, such as silicon
(71076 K1 [113]) or GaAs (< 107°K~! [114]). Due to the nature of VBM, that, as seen before,
is formed by an antibonding mixing between the s atomic orbitals of the metal cation and the p
orbitals of the halogen, in perovskites the term (%)P is positive [115]. Indeed, as the lattice
expands, there is a reduction of the antibonding overlap between the B(s) and X(p) atomic

orbitals, that, as seen before, produces a shift of the VBM to lower energy [101], leading to a
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Figure 1.7: a) Absorption band-edge wavelength (energy) and PL peak wavelength (energy) of MAPI as a function of
temperature, extracted from the transmittance and the PL spectra, respectively [106]. b) PL peak energy as a function
of temperature for CsPbBrs [109]. Data are fitted with a model that includes a linear thermal expansion term and an
harmonic approximation of the electron-phonon interaction. See Ref. [109] for details.

blue shift of the band gap [103].

Increasing temperature, if no transition phases occur (we discuss the influence of the phase
transitions in the following paragraph) the electron-phonon term becomes also important, due
to the population of optical phonon modes, leading to an increasingly negative contribution. For
example in CsPbBrs Wei et al. [109] showed a linear blue shift (~0.3meV K~!) of the photo-
luminescence (PL) emission below 220 K, where the thermal expansion contribution dominates,
and, at higher temperature, PL peak approaches to a constant value, due to a much higher

contribution of the negative electron-phonon term (see Fig. 1.7(b)).
Influence of phase transitions

In addition to the composition and the temperature, the band gap of perovskites is strongly
dependent on the crystalline phase [103, 105,108, 116,117]. For example, in MAPI the band
gap is higher for the orthorhombic phase with respect to the tetragonal one (Fig.1.7(a)), that
is stable above 160 K (see Tab.1.2). In both the phases of MAPI the band gap increases with
temperature (dE,/dT ~0.3+0.5meV K1 [105]) and near the transition temperature there is a
significant red shift of the band-edge (about 100meV) in the transmission spectra, that marks
the phase change from the orthorhombic to the tetragonal structure. In sec. 1.3 we discuss the

behaviour of the PL spectra in MAPI near the phase transition.
Influence of size

Perovskite materials can be synthesized as thin films or low dimensional structures (nanocrystals
(NCs), quantum dots (QDs), nanowires (NWRs), nanoplates (NPs). In case of nanostructures,
the band gap is closely related to the size/shape of the structure, as shown in Fig. 1.8. Decreasing
the size of the structure, the emission peak shifts to higher energies due to quantum confinement
effects. For example, decreasing the size of CsPbBrs NCs from 11.8nm to 3.8 nm the emission
energy increases of about 300meV [18]. Similar results are found in CsPbBrs NWRs [122].
Moreover, also the thickness of the structure strongly influences the optical band gap [118,119,

123]: decreasing the thickness of CsPbBrsz NPs from several nanometers to few monolayers
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Figure 1.8: Emission energy of CsPbBrs nanostructures as a function of size . We consider as "size" the diameter
for the NCs (), the width for the NWRs (<) and the thickness for the NPs (O). The values are obtained from the
following references: Ak [118], Be [119], Bu [120], He [121], Im [122], Pr [18], Wa [123] and Yu [124].

(1ML ~ 0.6 nm) the emission can be tuned from green to near ultraviolet (~ 400 nm).

1.2.3 Electrical properties

In this section we discuss the exceptional electrical properties of perovskite materials, that
make them extremely attracting for photovoltaic and optoelectronic applications. The main
parameters used to describe the transport of charge carriers in a semiconductor are the diffusion
length, the mobility and the lifetime [94].

Diffusion length (L), i.e. the average distance that a charge can travel by diffusion before
recombination, is used to describe the transport when a gradient of carrier population is present
in a semiconductor, for example after light excitation. A long diffusion length is important
especially for photovoltaic applications since it affects the photo-carriers collection efficiency.
Diffusion length can be calculated from the diffusion coefficient D and the charge carrier lifetime

T via the relation

L = (Dr)Y/2. (1.6)

Diffusion length is also related to the mobility u, that describes the transport of carriers under

the effect of an electric field, via the Einstein relation

- eD
~ kgT

I (1.7)
Snaith and Grétzel groups [11,125] determined for the first time the diffusion length of electrons
and holes in MAPI films with selective quenching layers to collect one type of carriers; they used
photoluminescence-quenching (PLQ) and transient absorption (TA) measurements, modelling
the charge carrier dynamics by using a diffusion equation. Diffusion lengths exceeding 100 nm
were found for both electron and holes, that indicate the ambipolar nature of transport in
perovskites, as a consequence of the similar and low effective masses for electrons and holes
(see Tab.1.3). Moreover, Snaith et al. [11] showed that chlorine doping in MAPI perovskites
lead to longer diffusion lengths (of about one order of magnitude) compared to pure MAPI, due
to an increased PL lifetime, predominantly arising from an inhibition of non-radiative charge

recombination centres. Indeed Stewart et al. [126] demonstrated that chlorine inclusion in MAPI
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films suppressed the formation of tetraiodoplumbate (Pbli_), that is correlated with the density

of non-radiative charge recombination centres in the perovskite film.

Thanks to the progress in the synthesis techniques, diffusion lengths above 1 ym are achieved
in MAPI perovskite films [127,128] and up to 175 pm in MAPI single crystals [9]. For CsPbBrs,
diffusion length values were obtained mainly from the mobility, through Eqn. 1.7: values of about

10 pm are reported for both NCs and single crystals (see Tab. 1.5).

The electrical mobility in perovskites has been measured using several techniques: time-of-
flight [9,136], Hall effect [9,10,99] and photoconductivity [96,134] measurements, time resolved
Terahertz (THz) spectroscopy [12,106,129,131], space-charge-limited current [9,10,15,133,135].
As shown in Tab. 1.5, the electrical mobility is of about 10+100 cm? Vs~! in MAPI films for both
electrons and holes, that is comparable to those of crystalline inorganic semiconductors [137].
Temperature dependent THz spectroscopy measurements [106] in MAPI films showed that the
electrical mobility follows a T~3/2 dependence, which implies that the charge transport is limited
by the scattering with phonons [94]. The mobility can be improved by A-site substitution: for
example Cs-based perovskites show an higher mobility compare to MA perovskites (see Tab. 1.5).

Table 1.5: Measured values for the electrical parameters of MAPI and CsPbBrs perovskites.

Composition Type fe Hn L. Ln Technique(s) Ref.
(cm?/Vs) (cm?/Vs) (um) (um)

Film - - ~ 0.13¢ 0.09¢ PLQ [125]

Film - - ~ 0.13¢ 0.11¢ PLQ,TA [11]

Film - - 14 ~ 14 TRTS [128]
Film - - 1.2¢ ~ 1.2¢ TA [127]
Film 8.1% 8.1% - - TRTS [129]
Film 12.5 (2) 7.5 (1) - - TRTS (TRMC)  [130]
MAPI Film 27> 27> - - TRTS [131]
Film 35> 35> - - TRTS [106]

Film 66 - - - HALL [99]

SC 2.5% 2.5% - - SCLC [15]
sC 3 17 - - TRMC [132]
e 24 67> 9.7m 9.7m sCLC [133]

e 67> 164 (105) - 175™ ToF,SCLC,IS,(HALL) [9]
e - 143 - - PHC, PL [134]

sC 1000 - - - PHC,PL [96]
CsPbBr3 sC - - 5.5™ 2.5™M SCLC, PL [135]
e 2300 2060 10.9™ 9.5™ HALL,ToF, SCLC, PL [10]

NCs 4500> 4500~ 9.2m 9.2m TRTS, PL [12]

Techniques:

HALL=Hall effect measurements, TRTS=time-resolved terahertz spectroscopy, ToF=time-of-flight,
TRMC=time-resolved microwave conductivity, SCLC=Space-charge-limited current, PHC=photoconductivity,
PLQ=photoluminescence quenching, TA=transient absorption, IS=impedance spectroscopy.

Notes:

SC=single crystal, NCs=Nanocrystals.

™ Diffusion length extracted from mobility via the Eqn. 1.7.

d Diffusion length calculated through the Eqn. 1.6.

> Electron—hole sum mobility.
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1.3 Optical properties

1.3.1 Absorption

Another important property of perovskites is the very high optical absorption coefficient: for
MAPI is of about 10* +10° cm™! in the visible range [6,7]. In Fig.1.9(a) the absorption coeffi-
cient of MAPI is compared with other photovoltaic materials. We can see that the absorption
of crystalline silicon (¢-Si) is lower and less steeper around the band edge with respect to MAPI
and GaAs because of the indirect band gap nature of Si. MAPI has a comparable and even
higher absorption coefficient with respect to GaAs [8] in the visible spectral range.

The optical absorption of a semiconductor at an energy hw depends to the transition matrix
from states in the VB to states in the CB and to the joint density of states (JDOS) [94]. The
transition matrix measures the probability of each transition, the JDOS the number of possible
transition at a the energy hw. The transition matrix near the absorption edge are similar for
MAPT and GaAs [8], but the joint density of states (JDOS) is remarkably different for the two
semiconductors since they have different electronic structures, as discussed in sec. 1.2.1. As seen
before, the lower part of the MAPI CB is mainly composed by the Pb(6p) states, whereas the
lower part of the GaAs CB is composed by s orbitals. Since the atomic p states have more
orbitals than the s states and exhibit less dispersion, the JDOS in the lower part of the CBM
is significantly higher for MAPI perovskites [8]. Therefore, the high absorption coefficient of
perovskites is due to the direct halide-p — metal-p transition at the band edge. The very high
absorption coefficient made possible to achieve photovoltaic conversion efficiency (PCE) above
20 % [22] by using thin perovskites absorbers (~500nm) in solar cells. For comparison, the
typical thicknesses of silicon and thin film solar cells are of about tens of microns and 2pm,
respectively [20].

Another important features of the optical absorption is the exponential tail (Urbach tail)
below the band gap (a(E) x e F/Fv | Ey Urbach tail energy), as shown in Fig. 1.9(a). This tail

arises from disorder and/or impurities, producing exponentially decaying subgap states [138].
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Figure 1.9: a) Absorption coefficient of a MAPI thin film compared with other typical photovoltaic materials, all
measured at room temperature [6]. b) Absorption spectra at room temperature of a MAPI film [6] and of a CsPbBrs
bulk crystal [10].
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In MAPI film the Urbach tail energy reaches a low values of about 15meV [6] at room temper-
ature, which is close to the values of GaAs and ¢-Si. To conclude this paragraph, in Fig. 1.9(b)

absorption spectra of MAPI and CsPbBrs perovskites at room temperature are compared.

1.3.2 Emission properties
In this section we discuss the emission properties of MAPI and CsPbBrs.
Interplay between excitons and free carriers

In a semiconductor, the Coulomb interaction between an electron and an hole can produce a
bound state called exciton. Excitons can easily dissociate into free carriers when their binding
energy is smaller than the thermal energy; otherwise, the emission and transport properties of
the material are driven by bound electron-hole pairs. Given the analogy of the exciton with an
hydrogen atom, the exciton binding energy (E,) of a bulk semiconductor is given by

W /mo

E, = 2 R,, 1/p"=1/m}+1/m;j, (1.8)

where p* is the exciton effective mass, mg the free electron mass, € the dielectric constant of the
material and R, the hydrogen Rydberg constant (R, =13.6€eV).

A knowledge of the elementary photoexcitated species is crucial for the material applica-
tions. A solar cell needs free photoexcited carriers, since electrons and holes must be separated
and collected to generate a photo-current. On the contrary, materials with high exciton binding
energy are more suitable for light sources, given the fast recombination rates and high emission
quantum yields. In hybrid organic-inorganic perovskites, it is still debated if the emission prop-
erties arise from excitons or free carriers. For MAPI, a wide range of values for E, are reported
(2+50meV) at room temperature using magnetoabsorption [14], optical absorption [139-142]
and PL measurements [143,144], as shown in Tab. 1.6.

Absorption spectra at room temperature show the influence of the excitonic states at the

band-edge; conversely, power dependent PL measurements in a wide range of excitation den-

Table 1.6: Calculated and experimentally measured values for exciton binding energy in MAPI and CsPbBr3 perovskites.

Ey

Composition Technique(s) Ref.
(meV)
12 Magnetoabsorption [14]
20 CELIV [145]
Absorption [139]
9 Absorption [146]
MAPI 29 Absorption [140]
25 Absorption [141]
5 Absorption [142]
45 PL [143]
19 PL [144]
37 Reflectivity [147]
CsPbBr3 38 Absorption [18]
40 Theor. [145]

Notes:
CELIV = Charge carrier extraction by linearly increasing voltage.

“Value calculated using €s. Theor.= Theoretically calculated.
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sity suggest that the radiative recombination occurs mainly from free electrons and holes [148].
Moreover, the exciton binding energy in MAPIT is dependent on the temperature and the crys-
talline phase [139] due to a variation of the dielectric constant [79,142]. Indeed the dielectric
constant of MAPI is frequency dependent and different values are reported for the two phases,
especially in the low frequency range. The high-frequency (or optical) dielectric constant (ex) is
comparable for the two phases (€x ~ 6.5 [88,142,149]). On the contrary, the static (e5) dielectric
constant value is about 36 in the orthorhombic phase [150] and about 60-70 at room temper-
ature [145,150]. The increase of the low-frequency dielectric constant at room temperature is
attributed to the dynamic disorder of MA ion dipole [79,142,150]. In the high temperature
phase, MA cations undergo rotations around the C-N axis, that contribute to the dielectric

response.

For all-inorganic CsPbBrs perovskites, there is an agreement between theory [18] and ex-
perimental results [68,147] about the exciton binding energy and values of about 35-40 meV are
reported. Most of the works that investigate the emission properties in CsPbBrs perovskites at-
tribute the recombination to excitons [58,151-153], especially in NCs, given the greater overlap

between electron and hole wavefunction due two the charge carriers quantum confinement.
Recombination processes

In perovskites, charge-carrier recombination can be described with the following rate equation

[106, 141]
dn

dt

where n is the carrier concentration and the three terms on the right side account for monomolec-

= —k‘ln - ]{2712 — k3n3, (1.9)

ular (k1n), bimolecular (kan?) and three-body Auger (k3n3) recombination processes, respec-
tively. In this equation we consider an intrinsic semiconductor (n=p), where n and p are the
electrons and holes concentrations, respectively. Monomolecular term, that involves one charge
at a time, is associated with trap-mediated charge recombination or exciton recombination.
Bimolecular term is associated with the radiative recombination of electron-hole pair or exciton-
exciton annihilation. Finally, Auger recombination is a three non-radiative particles process
that becomes important at high excitation density. In this process, an electron-hole pair recom-
bines non radiatively and the energy released during the recombination is transferred to a third

particle.

In MAPI, recombination dynamics have been investigated in a broad range of photo-carrier
density in order to explore the different processes [106,129,141,154]. At low excitation density
(n< 10" em—3 [141, 154]), where trap states are not filled, trap-assisted recombination domi-
nates. Monomolecular rate constant (k1) is of about 10”s™! at room temperature [106, 129]
and decreases with temperature, suggesting a charge recombination process assisted by ion-
ized impurities [106]. In this regime, the intensity grows with a power law PL3 if only one

if both carriers are trapped [154]. When the

bimolecular recombination becomes important, in absence of non-radiative channels, the in-

carrier is trapped and with a power law P2,
tensity grows linearly with the excitation power since I.,, xn?x P [141]. Bimolecular rate
constant is of about 10'° cm=3s~! for MAPI at room temperature [106,129] and increases de-

creasing the temperature. Finally, Auger recombination becomes important at excitation density



14 PEROVSKITES: A REVIEW

above 10'® cm™3 [141]; in this regime the PL intensity increases sublinearly with the excitation

65~1 at room temperature

power [141]. Auger recombination constant is of about 1028-10%° cm
and is strongly dependent to the crystalline phase [106].

For CsPbBrs, whose excited-state populations are primarily excitons, when defect trapping
is negligible, at low power (<pJ/cm?) dominates single-exciton radiative recombination, as
evidenced by the monoexponential decay and the linear dependence of the PL intensity on the
excitation power [151-153]. At higher density, multiexcitonic recombination processes can take
place also in CsPbBrs. Wei et al. [152], under high carrier density (> 10 cm™3), showed that
reciprocal of the carrier density had a linear dependence on time in the first ~ 60 ps after the
excitation, that indicates a two-body recombination process?. Wei et al. ascribed this trend to
the exciton-exciton annihilation, that is a two excitons interaction process where one exciton
recombines and the other either dissociates into a free electron-hole pair or is promoted into a

higher energy level. An exciton-exciton annichilation rate of 7.0-10 =7 cm?s™!

was reported by
Wei et al. Other groups [151,153] attributed the multi-exponential decay under high excitation
density to the biexciton non-radiative Auger recombination, with a rate constant k3 of about
1072910730 cmb s 1.

Finally, if the contribution of traps is not negligible, also at low power multiexponential
decays are observed and the slow component is related to the trap dynamics [155]. In particular,
given the large ratio between surface states and volume states, in CsPbBrg NCs surface states
strongly influence the recombination dynamics since can efficiently capture charge carriers, that
can be released by thermal activation. We will discuss in Chap. 7 how surface states affect the

recombination dynamic in CsPbBrs NCs.
PL emission from MAPI

As seen previously, MAPI undergoes two phase transitions: from the orthorhombic to the tetrag-
onal phase (T~ 160K) and from the tetragonal to the cubic phase (T~ 330K). The crystalline
phase strongly influences the PL emission properties in these materials.

At low-temperature, PL spectra in MAPI typically show two emission bands (Fig.1.10(a)),
whose weight depends to the excitation conditions. The high energy band, at about 1.65¢€V, is
ascribed to the radiative recombination from the orthorhombic phase of MAPI.

Instead, the origin of the low energy band is debated in the literature and it is ascribed to

different contributions:

o the radiative emission from residual tetragonal inclusions in the orthorhombic phase of MAPI,
that are maintained below the phase transition [108,156,157]. Given the smaller band gap
with respect to the orthorhombic phase, tetragonal domains can trap carriers, that eventually

recombine within these inclusions [156,157];

o the radiative recombination from localized states, that are ascribed to radiative traps [105,
116, 158] or, very recently, to methylammonium-disordered domains in orthorhombic phase
of MAPI [103].

We want to remark that, in both interpretations of the low energy side emission as radiative

traps or disordered domains, a carrier localization is present. More relevant is the fact that the

*If noc 1/t — dn/dt oc-n?.
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Figure 1.10: a) Normalized PL spectra of a MAPI film at 10K under pulsed excitation at 600 nm, with an average
intensity of 10 W/cm?. b) Power dependent PL spectra of a MAPI film at 15 K under pulsed excitation at 425 nm [103].

low energy states are radiative and do not produce a loss of photogenerated carriers. Increasing
the excitation power (see Fig.1.10(b)), the low energy band blue shifts and its weight becomes
less important with respect to the orthorhombic phase emission: this trend is due to the filling

of the localized states and/or the tetragonal domains [103,105,116].

Increasing the temperature (Fig.1.11(a)), the orthorhombic phase emission blue shifts, as
expected, due to the increase of the band gap with the temperature in perovskites (see sec. 1.2.2).
This emission disappears above 150 K, where the phase transition of MAPI from the orthorhom-
bic to the tetragonal phase occurs. Concerning the low energy band, a complex behaviour is
observed, especially near the phase transition. First of all, a reduction of the full width at half
maximum (FWHM) is observed increasing temperature up to 150 K (Fig. 1.11(b)) due to a lower
contribution of the emission from radiative traps as the temperature raises. Moreover, the low
energy band shows an S shape in the peak emission energy (Fig.1.11(a)). Finally, the spectrally
integrated PL intensity has an enhancement around the phase transition (Fig.1.11(c)). The
complex behaviour of the peak energy of the low energy band and of the PL intensity near the
phase transition was explained recently by Dobrovolsky et al. [108]. They assumed that the

transition into the tetragonal phase develops starting from MAPI regions with lower concentra-
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Figure 1.11: a) Normalized PL spectra of a MAPI film as a function of temperature. b) FWHM of the low energy
band as a function of temperature. c) Spectrally integrated PL intensity as a function of temperature.
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tion of defects, while the regions with more defects remain in the orthorhombic phase. Because
the tetragonal phase has a lower energy gap, charge carriers can migrate into the tetragonal
domains. Therefore, the PL enhancement is due to an increase of the PL intensity from the
tetragonal phase domains, that have lower defects (so the radiative emission is expected to be
higher). On the contrary, the red shift is related to an increase of the tetragonal domains sizes,

that emit at lower energies.

Above 160 K, PL spectra show a single band, that arises from the radiative recombination
in the tetragonal phase of MAPI. The emission energy of this band monotonically blue shifts
rising the temperature, with the same trend of the absorption spectra. At about 327 K, well
within the operative temperature range of a solar cell, the tetragonal-to-cubic phase transition
occurs. However, across the tetragonal-to-cubic phase transition, Quarti et al. [159] did not
observe any abrupt change of the band-gap, that rather monotonically blue shifts following the
same temperature evolution observed in the tetragonal phase. In addition, Zhang et al. [160]
showed that the photovoltaic parameters of MAPI-based solar cells do not change dramatically

across the tetragonal-to-cubic phase transition.
PL emission from CsPbBr;

Given the tolerance towards defects (see sec. 1.4) and the direct band gap, CsPbX3 NCs exhibit
very bright emission at room temperature, even without any surface passivation: PL quantum
yield (PLQY), i.e. the number of photons emitted for photon absorbed, reaches value of 90 % for
CsPbBr3 NCs [18,56,58]. Through post synthesis surface passivation, the PLQY in CsPbBrg NCs
approaches unity [155,161]. In addition, all-inorganic CsPbX3 NCs show narrow PL emission
(FWHM ~ 10 =+ 40 nm, see Fig. 1.12(d)) at room temperature irrespective of their size [18,56,57].
These features make CsPbX3 perovskites attractive for light-emitting applications. By compari-
son, traditional organic and inorganic QD emitters show broader spectra (FWHM > 30nm) and
as-grown QDs without surface passivation typically exhibit low PLQY (< 20%) due to the high

concentration of defects, that act as non-radiative recombination centres.

At low temperature, several groups showed the exciton fine structure in CsPbBrs NCs, that
cannot be resolved at room temperature due to the homogeneous broadening [162,163]. Three
narrow PL lines (FWHM < 1 meV) with well-defined polarization, whose separation is less than
1meV, was observed in CsPbBr3 NCs (Fig. 1.12(a-b)): these three peaks were ascribed to three
bright excitonic states. We can see that the higher and the lower energy lines have linear and
orthogonal polarizations in zero field (Fig.1.12(a)) and they become circularly polarized with
opposite helicities under applied magnetic field (Fig.1.12(b)). The central line has no clear
polarization. A scheme of the exciton fine structure is shown in Fig.1.12(c); the polarization
of each line is also reported. The exciton fine structure in the orthorhombic phase of CsPbBrj
was also calculated theoretically [164], confirming the presence of a bright triplet state as lower
exciton state. This fine structure is remarkably different of what happens in the most com-
mon inorganic semiconductors, where the lower exciton state is a “dark exciton”, meaning that
optical transitions to the ground state are dipole-forbidden. The consequence of the bright char-
acter of the lowest exciton is the faster emission rate of CsPbBrg NCs with respect to other

semiconductors, both at room than at cryogenic temperature.

Increasing the temperature, PL spectra in CsPbBr3 show a broadening and a blue shift
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Figure 1.12: a-b) Polarization analysis of the exciton fine structure of a CsPbBrs NCs at 10K [162]. The black lines
correspond to the PL spectra at zero magnetic field (a) and at 7T (b), respectively. At 0T, <+ and ] indicate the
horizontal and vertical linear polarizations, respectively. At 7 T, o~ and ¢ indicate the anticlockwise and clockwise
circular polarizations, respectively. c¢) Scheme of Zeeman splitting and polarization properties of the bright exciton
triplet in CsPbBrs. The symbol © indicates absence of polarization. d) PL spectra at room temperature of CsPbXs
NCs. The linewidths of these spectra range from 12nm to 34 nm.

of the emission due to the increase of the band gap with the temperature [107,109]. The
blue shift occurs until the thermal expansion term dominates with respect to the electron-
phonon term (see Eqn. 1.5). After that, due to the population of optical phonon, the PL peak
approaches to a constant value, as discussed in sec.1.2.2. Furthermore, CsPbBrg NCs show
temperature-independent optical band gap at temperatures higher than room temperature, due
to the combination of several effects (thermal expansion, electron-photon interaction, phase
transition between the orthorhombic and the tetragonal phase). More precisely, Wei et al. [109]
showed that the PL emission energy slightly decrease between room temperature and 340 K
(electron-photon interaction) and then increases from 340 to 380 K (phase transition), but the
variation of the PL peak in this range of temperature is less than 1nm (see Fig.1.7(b)). The
temperature-independent chromaticity is very important for the application of CsPbBrs in light-

emitting sources, since LEDs often heat up during prolonged operation.

1.4 Defects

In this section we discuss the main kind of defects present in MAPI and CsPbBrs perovskites,
that are crucial to determine the performance of optoelectronic devices since defects affect the
electrical and optical properties of the material. Impurities and defects in semiconductors cre-
ate localized states that can be located either in the band gap or in the continuum of the
valence/conduction band. If a localized state lies in the middle of the band gap the defect
is deep, otherwise, if it is close to the band edge, the defect is shallow. Shallow levels may

donate carriers into the CB or VB; on the contrary, deep defects usually act as non-radiative
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Figure 1.13: On the left: energy levels of the intrinsic point defects in MAPI (a) and CsPbBrs (b) perovskites: V.,
indicates a vacancy of the ion «, |, an interstitial defect of the ion «, Yz an antisite substitution of the ion Y with the
ion Z. Zero in energy is referred to the VBM [16, 165]. On the right: electronic structure of defect-tolerant (c) and
defect-intolerant (d) semiconductors [166].

recombination centres.

Defects in perovskites are mainly investigated with theoretical calculations [16,17,165]. In
Fig.1.13(a) and Fig. 1.13(b) the calculated transition energy levels of the intrinsic point defects

(vacancies, interstitial, antisite substitution) in MAPI and CsPbBrs perovskites are reported.

We can see that all cation/anion vacancies form shallow or intra-band defects and that
only few interstitial defects (Pb;) and antisite substitution (Pbx, Xpy,, MA1, Inja) produce deep
transition levels. Wang [17] and Yang [16] groups also calculated the formation energy of these
defects, i.e. the difference in the total crystal energy before and after the defect arises. They
showed that all deep defects in MAPI and CsPbBrs have high formation energies, thus their
concentration is expected to be very low. Beside that, Kim et al. [165] calculated the energy
level of neutral defects in MAPI perovskites: Schottky (equal number of positive and negative
vacancies) and Frenkel (equal number of vacancies and interstitial of the same ion). They showed
that those defect pairs do not create any deep gap state.

As regards the surface states, Haruyama et al. [167] investigated the structural electronic
properties of Pbls and MAI surface termination in MAPI perovskites: calculations showed that

no deep levels are formed. Moreover, Infante et al. investigated how the surface termination
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affects the electronic structure in CsPbX3 NCs, including the ligands typically employed during
their synthesis (see sec.2.2). They showed that deep states are still absent and the electronic
structure remains substantially unchanged.

In polycrystalline semiconductors, also grain boundaries (GBs) can create deep gap levels
and are detrimental for solar cells. Instead, in MAPI perovkites, GBs contain mainly Pb and I
dangling bonds, Pb-I-Pb wrong bond and Pbls extra bond, that do not generate any mid gap
states [16]. Therefore, in perovskites GBs are intrinsically electrically benign.

This “defect tolerant” behaviour of halide perovskite materials is closely related to their elec-
tronic structure (Fig. 1.13(c)), that originate from the high ionicity and the strong Pb(6p)-X(ns)
antibonding coupling [16,17], as discussed in sec. 1.2.1. We consider for example a cation/anion
vacancy in MAPI perovskites (the same explanation is also valid for CsPbBrs). When an I~
vacancy is formed in MAPI, the defect state is composed by the Pb?T anion dangling bond
surrounding the I~ vacancy. Therefore, a donor defect state is formed, that lie between the
Pb(6p) orbital and the CBM. Since the difference between the Pb(6p) orbital and the CBM is
small due to the ionicity of halide perovskites (see sec.1.2.1), this vacancy produces a shallow
donor state close to the CBM. Instead, in case of a Pb>t vacancy, a shallow acceptor vacancy
level is formed below the VBM, since the I(5p) atomic orbital level is below the VBM. On the
contrary, in the most common covalent semiconductors (GaAs, GaN, CdSe), that are “defect
intolerant”, the atomic orbitals lie within the band gap, thus mostly defects create mid gap
states (see Fig.1.13(d)). The consequences of this tolerance towards defects are the low non-
radiative recombination of perovskites and the high performance of perovskite-based devices,

even without any defects passivation.



§2§ Synthesis techniques and material stability

In this chapter we describe the main techniques used to synthesize MAPI and CsPbBrs. More-

over, we discuss the problem of the chemical stability of these materials.

2.1 Synthesis of MAPI

Hybrid organic-inorganic perovskites, such as MAPI, can be synthesized using different tech-
niques depending on the type of structure (thin film or nanostructures) that we are interested
to realize. In Fig. 2.1 a photograph of a MAPI film and a scanning electron microscopy (SEM)

image of MAPI nanostructures are reported.

Figure 2.1: a) Photograph of a MAPI film [38]. b) SEM image of MAPI nanostructures [66].

Film
Hybrid perovskite films can be fabricated by either solution or vapour deposition methods, as
shown in Fig.2.2. In vapour deposition process, perovskite films are synthesized under vacuum
condition (107> mbar) [168-171]. The two precursors (MAI and Pbly) can be co-evaporated
simultaneously from two separate sources (Fig. 2.2(a)) on the substrate or deposited in a two step
sequence (Fig.2.2(b)). In the second case, inorganic Pbl, film is deposited by spin-coating and
subsequently exposed to organic vapours of MAI [169-171]. In both cases, after the deposition,
the film is annealed at about 100°C to enable the full crystallization of the perovskite. We will
discuss in sec. 2.3.1 how the annealing temperature influences the quality of the perovskite film.

Solution deposition methods are more extensively used to produce perovskite films due to the
lower cost with respect to vapour-deposition processes [172-177]. Again, the deposition of a per-
ovskite film can occur in a single-step (Fig.2.2(c)) or in two steps (Fig. 2.2(d)). In the first case,
a solution of the two precursors is prepared by dissolving them in a highly polar solvent (N,N-
dimethylformamide (DMF), Dimethylacetamide (DMA), dimethyl sulfoxide (DMSO)). The as
prepared solution is then spin-coated onto the substrate. In the double-step method, Pbly dis-
solved in DMF is firstly spin-coated onto the substrate and subsequently transformed into the
perovskite by exposing it to a solution of MAI in isopropanol (IPA). In both cases, the film is
annealed after the deposition.

In the one-step method, the main problem comes from the poor solubility of Pbly in DMF

solvent that leads to a non-uniform perovskite layer, whereas after the two-step deposition
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Figure 2.2: Schematic illustration of the most common deposition methods of hybrid perovskites films: a) Dual-
source vapour deposition. b) Vapour-assisted deposition. ¢) One-step solution deposition. d) Two-step solution
deposition. [168,171,172]

a more uniform film is obtained. Moreover, perovskite solar cells (PSCs) with MAPI layer
synthesized by two-step deposition exhibit better photovoltaic performances. In order to improve
the crystallization, Xiao et al. [174] proposed a one-step deposition method followed immediately
by exposure of the wet film to a second solvent (chlorobenzene) to induce crystallization during
the spin-coating (fast crystallization process). They obtained a highly uniform perovskite film
with respect to the conventional one-step deposition. Alternatively, other groups report a slow
crystallization process [175-177] that, however, increases the deposition times.

For the synthesis of MAPI film, also the substrate plays a fundamental role. Indeed, the
properties of the substrate (wettability, roughness) strongly influence the morphology, the struc-
tural and the interfacial properties of MAPI films [178-182]. Bi et al. [181] investigated the
morphology of MAPI film grew on a wide range of substrates. They showed that, as the wetta-
bility of the substrate decreases, the grain size of the perovskite film increases. Active materials
with larger grains are preferable in solar cells to have a faster carrier transport. Moreover, the
type of substrate (p-type, n-type, insulating) affects the energy position of MAPI bands at the
interface [178,182]. Miller et al. [178] showed that the Fermi level of MAPI is shifted closer
to the VB using a p-type substrate as opposed to an insulating or n-type substrate. Instead,
Olthof et al. [182] observed a variation of the band alignment of MAPI film depending on the
work function of the substrate. The possibility to control the energy level at the interfaces with
the substrate is relevant in PSCs, where the band alignment is crucial for an efficient carrier

collection (see sec.3.1).
Crystals and nanostructures

Besides polycrystalline films, also perovskite single crystals and nanostructures can be prepared.
Typically, a Pbly (or lead acetate (PbAcs)) film is deposited on a substrate and then immersed
in a MAI/IPA solution. Depending on the MAI concentration, crystal formation occurs through
two different processes [66,183,184]: in-situ phase transformation (Fig. 2.3(a)), also called inter-

facial reaction, or dissolution-recrystallization (Fig.2.3(b)).
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Figure 2.3: Schematic illustration of the growth mechanisms of crystalline MAPI nanostructures: a) Interfacial reaction
at low MAI concentration. b) Dissolution-recrystallization at high MAI concentration. [184]

At low concentration of MAI precursor (< 10mgml~!), the crystallization occurs through
in-situ transformation (Fig.2.3(a)): diffusion of MAI into the layered structured Pbly results
in the direct formation of MAPI. MA™ and I~ ions are prone to be directly intercalated into
the inorganic lead frameworks, which gives rise to MAPI crystals with the same shapes of the
original Pbly crystals [183].

On the contrary, when the concentration of MAI is much higher (>30mgml~1), the crystal
growth occurs through dissolution-recrystallization process (Fig.2.3(b)). In this condition, a
MAPI thin film immediately forms on the Pbly surface after the exposure to MAI solution.
Because of the excess of I~ ions, the formation of PbI4?~ complex becomes thermodynami-
cally favourable. Indeed, I~ ions can dissolve the initially formed MAPI and react with the

unconverted Pbly to form PbI4?~ through the following reactions:

MAPI (s) + I~ (sol) — PbIy?~ (sol) + MA™ (sol) (2.1)
Pbly (s) + 21~ (sol) — PbI;*~ (sol). (2.2)

When the MAI solution is oversaturate with PbI,2~ complexes, Pbl4>~ ions react with MA™

ions to recrystallize into MAPI nanostructure

PbI; % (sol) + MAT (sol) — MAPI (s) + I~ (sol). (2.3)

2.2 Synthesis of CsPbXj;

Film and NCs

To obtain homogeneous and uniform CsPbXj perovskite film, single [120, 185, 186] or double-
step [35,187,188] solution deposition methods are used, as for hybrid perovskites. In this case,
CsX is used as precursor instead of MAI. DMSO, DMF and toluene (for PbXs) are the solvent
more extensively used.

On the other hand, CsPbX3 NCs in solution can be obtained with different methods (see
Fig.2.4): hot injection method [18,119,189-191] or room temperature methods [56,192]. In

Fig.2.4(a) a schematic illustration of the hot injection method is shown. Firstly, a powder of
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Figure 2.4: Schematic illustration of the most common methods to synthesize CsPbX3s NCs: a) Hot injection method.
The inset shows a corresponding TEM image of the as-produced NCs. b) Room temperature ligand-mediated re-
precipatation. By varying the surfactants different structures can be obtained. c¢) Room temperature supersaturated
recrystallization. [56,92,192]

lead halide salt (PbXz2) is dissolved in a hot solvent (octadecene (ODE)) with the surfactants
(oleylamine(OAm), oleic acid (OA)), that act as ligands for stabilizing the resulting NCs. After
that, a preheated Cs(oleate) (caesium carbonate CsoCO3 with ODE) is injected into the previous

solution. The formation reaction of CsPbX3 NCs can be expressed as [191]
2Cs(oleate) + 3PbXo — 2CsPbX3 + Pb(oleate)s (2.4)

In the hot-injection method, the size of CsPbX3 NCs can be varied by changing the reaction
temperature (typically 140-200 °C), the reaction time, the precursor concentration and the sur-
factants [119,189]. Pan et al. [189] investigated how the length of acid and amine chain and the
injection temperature influence the size and the shape of the NCs. Low reaction temperatures
and shorter chain amine lead to the formation of thin NPs. On the other hand, high reaction
temperature leads to thick NPs or nanocubes.

Apart from the hot-injection synthesis, room temperature methods are proposed to syn-
thesize CsPbX3 NCs: ligand-mediated reprecipitation (Fig.2.4(b)) and supersaturated recrys-
tallization (Fig.2.4(c)). In the first method, a solution of precursors (PbXs, Cs-oleate and
surfactants) in a polar solvent (DMF or DMSO) is mixed with a nonpolar solvent, such as
toluene. The polar solvent acts as a good solvent to dissolve the inorganic salts and molecule
ligands, while the nonpolar solvent acts as a bad solvent to promote the reprecipitation process.

In the supersaturated recrystallization (Fig.2.4(c)), perovskite precursors (CsX and PbXjs)
are dissolved together with the surfactants in a polar solvent (DMF or DMSO). An important
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point is that the concentrations of such ions are smaller than their solubility limit in the polar
solvent; as a consequence, they can be well dissolved in DMF/DMSO without crystallization.
After that, the above solution is transferred into toluene, that is a poor solvent. After such
transfer, the drop in solubility produces an highly supersaturated state and then induces a very

rapid recrystallization according to the following equation:
Cst + Pv*" +3X~ — CsPbXs. (2.5)

Eventually, the NCs solution can be deposited on a substrate by either drop-cast or spin-

coating to obtain nanocrystalline films.
Single crystals

In this section we discuss the main techniques used to synthesize all-inorganic CsPbXs perovskite
single crystals. Most of the techniques here presented are also used to growth hybrid perovskite
single crystals.

At the beginning, CsPbX3 single crystals were obtained via the Bridgmann method [96,193],
that requires high temperature and highly pure starting reagent. In this technique (Fig.2.5(a)),
perovskite precursors are put in a quartz flack, sealed under high vacuum (10~% mbar pressure)
and are melted above 600°C. The flask is then slowly passed through a vertical tube furnace
having a temperature gradient, that decreases from top to bottom. The melt cools slowly and
the crystallization of the melt begins from the tip of the flask. Using this technique, large single
crystals (several millimetres) of CsPbBrs [96] and CsPbCls [193] were obtained.

Afterwards, low-temperature methods were developed to growth single crystals from the
precursor solution: antisolvent vapour-assisted crystallization (AVC) and inverse temperature
crystallization (ITC). In the first method, the precursor solution (CsX and PbXsy in DMSO [194])
is placed in a clean crystallization flask and covered with a filter paper to limit antisolvent vapour
diffusion (Fig.2.5(b)). The covered crystallization flask is then put inside a deeper glass dish,
that contain the antisolvent (acetonitrile or methanol) and is placed on a hot plate. In the AVC
method, the antisolvent vapour slowly diffuse into the crystal precursor solution, resulting in
the formation of the perovskite crystals on the bottom of the crystallization flask.

The ITC method is based to the decrease of the perovskite solubility in some organic solvents

with increasing temperature (inverse temperature solubility) [133,194-197]. For example MAPI,

T Lowering Mechanism
F 3

"~ Temperature Sensor

- Melt

Upper Oven

- Thermal Insulation

) Anti-

| - Crystal solvent
| l ~ Crucible

f ~ Heater

Lower Oven |

Hot plate

a) b)

Figure 2.5: Synthesis techniques to growth perovskite single crystals: a) Bridgmann method. b) AVC method. [194]
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MAPbDHBrs and MAPbCls show inverse temperature solubility in ~y-butyrolactone (GBL) [195],
DMF [133] and DMSO [196], respectively. The precursors solution dissolved in the suitable
solvent is placed in a vial and heated. Crystal growth occurs relatively fast, within several hours.
The temperature to which the crystallization occurs depends to the perovskite composition and
to the solvent used during the growth. For CsPbBrs perovskites, Dirin et al. [197] showed that
the optimal solvent for the growth of this perovskite using the I'TC method was DMSO. More
in details, they used a solution of CsBr and PbBry (1:2 molar ratio), dissolved in a mixture
of DMSO with cyclohexanol (CyOH) and DMF; heating this solution at about 90°C, CsPbBrj
single crystals of about 8 mm in length were obtained. Instead, Rakita et al. [194] used a solution
of CsBr and PbBrs with (1:1 molar ratio) in DMSO to growth CsPbBrjs single crystals. Heating
the solution, other products were formed, especially Cs4PbBrg [197]. To eliminate the undesired

products and grown pure CsPbBrjs single crystals they developed a two-step heating cycle.

2.3 Stability of perovskite materials

In this section we discuss the problem of stability in perovskite materials, that arises from
several factors and in particular from moisture, light, heat. It is worth noting that the stability

of perovskite is related to its composition.

2.3.1 Stability of MAPI

Degradation in ambient air

First of all, hybrid organic-inorganic perovskites, such as MAPI, easily decompose in presence
of moisture and oxygen due to the hygroscopic amine component in the compound [25,26]. For
MAPI, the main degradation steps in presence of moisture and oxygen can be summarized by

the following chemical reactions [198,199]:

MAPI (s) 229 por, (s) + MAI (aq) (2.6)
MAI (aq) - CH3NHj (aq) + HI (aq) (2.7)
AHI (aq) + O — 215 (s) + 2H0 (1) (2.8)

Firstly, MAPI decomposes into MAI solution and Pbls (reaction 2.6) reacting with water. Then,
MALI continues to decompose into CH3NHy and HI (reaction 2.7). This degradation process can
be further accelerated by the oxidation of HI in presence of oxygen (reaction 2.8) and under UV

irradiation (see the paragraph “Photo-induced degradation”).

The degradation of MAPI in presence of water was investigated in detail by Leguy et al. [25]
through time-resolved X-ray diffraction (XRD) and ellipsometry. They demonstrated that, when
MAPI is exposed to water vapor, hydrated crystal phases were formed, as shown in XRD spectra
(Fig.2.6). MAPI single crystals exposed to 70 % relative humidity (RH) for 60h convert into
monohydrate phase (MAPI-H20), as shown in Fig.2.6(a). Moreover, longer exposure (above
2h) to 80% RH leads to a formation of the dihydrate crystal phases (MA4Pbls-2H0) in the
perovskite film (Fig. 2.6(b)). This hydration process is reversible: indeed the hydrated film could
return back into the initial MAPI structure if it is subsequently exposed to a dry atmosphere

(Fig.2.6(c)). On the contrary, when the whole film changes to dihydrate crystal phase, an excess
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Figure 2.6: a) XRD spectra of MAPI single crystals after exposure to water vapors and of MAPI hydrated crystals
obtained from solution. Below these, XRD patterns of the species that hydrated crystals is likely to contain are reported.
Symbols are used to tag the main features, according to the color of their respective spectra. b) Time-resolved XRD
patters of polycrystalline MAPI during exposure to 80% RH. c) Time-resolved XRD patterns of the hydrate MAPI film
during the dehydration in dry air [25].
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of water can produce an irreversible degradation of MAPI into MAI and Pbls:
M A4Pblg - 2H,0(s) “22 AMAI (aq) + PbIs (s) + 2H20 (aq). (2.9)

Christians et al. [26] investigated the degradation of MAPI upon humidity exposure in the dark
by monitoring the evolution of the optical absorption spectra and of the film morphology. They
showed that, after humidity exposure in the dark, MAPI does not convert entirely into Pbls, as
the decrease in absorbance occurs across the entire visible spectrum and not only at wavelength
greater than 500 nm (Fig.2.7(a)). Humidity exposure also modifies the film morphology [26],
as shown in SEM images (Fig.2.7(b)). Before humidity exposure, the perovskite film have a
rough surface. On the contrary, after 90 % RH exposure for 14 days, the perovskite undergoes

a recrystallization process, becoming smooth and highly ordered. Christians et al. investigated
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Figure 2.7: a) Evolution of the absorption spectra of MAPI film stored in the dark, at room temperature, to 90 % RH.
Absorption spectra of pristine Pbl; film are also reported. b) SEM images of MAPI film before (Day 0) and after 14
days exposure in the dark to 90 % RH. c) Temporal evolution of the photovoltaic parameters for MAPI PSCs stored to
different RH conditions [26].

also the evolution of the performance of MAPI solar cells stored in dark under different RH
conditions (Fig.2.7(c)). Solar cells exposed to 90 % RH underwent a drop in PCE of about 95 %
in only three days, while solar cells stored to 0% and 50 % RH were more stable, with a PCE

reduction of about 5% in the same period.
Thermal degradation

As discussed in sec.2.1, for most of the synthesis techniques where perovskite materials are
deposited from solution, a subsequent heat treatment of the film is required in order to remove
any excess solvent in the film and to facilitate the crystallization. The annealing temperature
strongly influences the morphology of perovskite film, the stability and the photovoltaic perfor-
mance of the device. Dualeh et al. [29] found that an annealing temperature higher than 60°C
is necessary for a complete formation of MAPI and that the ideal annealing temperature is
100°C. Indeed samples annealed at 100°C showed the higher absorbance (Fig.2.8(a)) and the
better morphology (Fig.2.8(c)). Annealing temperatures higher than 100°C lead to a decrease
in absorbance and the appearance of an additional feature at about 500 nm, that is a marker
of Pbly formation (Fig.2.8(a)), together with the change in colour of the film from brown to
yellow. MAPI degradation into Pbls at high annealing temperature was also observed by other
groups [200,201].

It has to be noted that the morphology of the perovskite film is influenced by the annealing
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Figure 2.8: a) Absorption spectra for mTiO2/MAPI films, with perovskite annealed at different temperatures. b) J-V
characteristics under illumination and in the dark for solar cells with MAPI layer annealed at different temperatures. c)
SEM images of MAPI films mTiO2/MAPI films, with perovskite annealed at different temperatures. Black scale bars
correspond to 5pm (60°C) and 1 pm (100 °C and 150 °C), respectively [29].

temperature too, as shown in SEM images of perovskite films on mesoporous TiO2 (mTiO2)
(Fig.2.8(c)). For samples annealed at 60°C, only large island of the precursors are seen and
no homogeneous film is formed. The film annealed at 100°C shows the typical structure of
perovskite, with individual crystallites much better defined. On the contrary, a further increase
of the annealing temperature leads to the formation of larger perovskite crystalline particles and

the surface coverage of mTiOs is lower.

Finally, Dualeh et al. correlated the photovoltaic performance of the device with the anneal-
ing temperature of the perovskite film. PSCs composed by perovskite films annealed at 100 °C
showed the highest PCE (Fig.2.8(b)). On the contrary, when the annealing temperature is lower
(60°C) or higher than 100°C the PCE decreases as a consequence of perovskite degradation or

incomplete crystallization of the perovskite film.
Photo-induced degradation

A key problem that limit the application of MAPI for solar cells is its instability towards light
irradiation. Indeed the exposure of MAPI films to light irradiation lead to the conversion
of perovskite into Pbla, as clearly shown by optical absorption spectra [27,202], XRD pat-
terns [27,28,202-205] and the yellow colour of the film (see Fig.2.9(a)). Moreover, also PL
spectra (Fig.2.9(c)) and PL images (Fig.2.9(b)) of degraded MAPI films bring evidence the

Pbls emission.

Photo-induced degradation of MAPI perovskites is strongly influenced by the temperature,

limiting the light exposition. Indeed Misra et al. [27] showed that, after the exposure to concen-
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Figure 2.9: a) Photograph of a degraded MAPI film. Degraded regions are yellow due to the perovskite decomposition
into Pbls. b) PL image of a degraded MAPI film after prolonged excitation at 458 nm [206]. We can see the MAPI
emission (red) and the Pbly emission from the degraded regions (green). Scale bar corresponds to 10 pm. ¢) Comparison
between a PL spectra of a Pbly film and a PL spectra of a degraded MAPI film, showing the presence of the Pbls
band. These spectra were acquired from our samples.

trated sunlight of 100 SUNs (10 W/cm?) for 1h at about 50°C, MAPI films decomposed into
Pbly, as clearly evidenced by the increase of the absorption at about 500 nm (Fig.2.10(a)) and
the appearance of Pbls reflection peaks in XRD spectra. On the contrary, no degradation is
observed after exposure of MAPI films to the same sunlight intensity, but at room temperature
(25°C). Moreover, Misra et al. excluded that the degradation process was due to the sample
heating: MAPI film annealed in the dark from 25 to 75°C showed an increase of absorbance, in

agreement with the results of Dualeh et al. [29].

In the photo-decomposition of MAPI, oxygen plays a fundamental role [28,202], as shown in
Fig.2.10(b). After light irradiation of MAPI, excited free carriers are generated in the perovskite
film. The photo-excited electrons can react with O molecules, leading to the formation of super-
oxide (O3 ), as recently demonstrated by fluorescent molecular probe studies [202]. Superoxide
species chemically react with the organic component of MAPI (i.e. MA cation), leading to the
deprotonation of its ammonium group to form methylamine (CH3NH,), Pbly, Iy and water.
Because of the low boiling point (-6.7°C [207]), methylamine molecule evaporates, leaving pure
Pbly behind. We can see that MAPI degrades in presence of both oxygen and light, because
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Figure 2.10: Photoinduced degradation of MAPI perovskite films: a) Absorption spectra of an encapsulated MAPI
film exposed to 100suns for various times. The estimated temperature of perovskite film is of about 45—55°C. The
inset shows the time evolution of the absorption degradation state (ADS), that is the ratio of the number of absorbed
solar photons for the exposed film with respect to the as-produced film [27]. b) Photo-decomposition process of MAPI
in presence of oxygen.



30 SYNTHESIS TECHNIQUES AND MATERIAL STABILITY

the photo-decomposition process is triggered by the superoxide species. Indeed, Abdelmageed
et al. [28] showed that MAPI films are insensitive to oxygen in the dark and stable under in-
tense light (at room temperature) with absence of oxygen. However, this is not true for MAPI
films implemented in PSCs, because other components of the device can induce degradation, as

discussed in sec. 3.1.1.
Influence of the composition

The stability of perovskites is strongly influenced by their chemical composition [27,34, 35, 40,
208]. Firstly, the stability of perovskite film can be improved by halide mixing or exchanging. Lee
et al. [209] reported that iodide-chloride mixed halide perovskites (MAPbI3_,Cl,) is remarkably
stable during processing in air. Noh et al. [40] showed that PSCs fabricated with bromide-iodide
mixed halide perovskites (MAPDbI3_,Br,) as light absorber are more stable if compared with
MAPI PSCs (Fig.2.11(a)). After exposure to 55% RH for 1 day, MAPbI5_,Br, PSCs with low Br
content (x=0, 0.06) exhibited serious degradation of PCE, whereas the other MAPbI3_,Br, cells
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Figure 2.11: a) PCE evolution with time for MAPbl3_;Br, PSCs with different Br content (x=0, 0.06, 0.2, 0.29). The
devices were stored in air at room temperature without encapsulation [40]. b) Photograph of MAPI and FAPblI; films
heated in air at 150 °C for the times indicated. c) Normalized absorbance at 600 nm as a function of time for FAPbI;3
and MAPI films exposed to a continuous 1 SUN =100 mW /cm? illumination [38,210]. d) Normalized absorbance at
600 nm as a function of time for FAPbls and MAPI films stored in the dark to a RH of about 85% [38,210].
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(x=0.2, 0.29) maintained their PCE. Moreover, MAPbBrj3 is more stable with respect to MAPI
after light exposure at elevated temperature (~55°C) [27]. The higher stability of MAPbBr3
films compared with their iodide counterpart can be attributed to the different bond strength

and crystalline phases at room temperature (see Tab. 1.2) between these two perovskites [27,40].

Apart from halogen modification, also cation substitution was proposed in order to further
improve the stability. For example, FAPbI3 was recently introduced to replace MAPI in PSCs
due to its lower band gap [37-39,100,201]. Moreover, theoretical calculation [100,211] showed
that the interaction of FA cations with the inorganic cage is stronger with respect to MA
cation due to the higher probability to form hydrogen bonding. As a consequence, FAPDbI3
stability should be better than MAPI due to the reduced tendency to form and release volatile
species. As a matter of fact, the thermal stability [37,201,208] and the photo-stability [38]
of FAPbI3 perovskites are better with respect to MAPI (see Fig.2.11(b-c)). However, moisture
stability of FAPbjs is found to be poor if compared to MAPI [38] (Fig.2.11(d)). Black perovskite
phase of FAPDbI3 (a-phase) converts into yellow non-perovskite phase in presence of solvent [99].
Moreover, FA cation dissociates into ammonia and sym-triazine in presence of water [99]. In
order to stabilize the black perovskite phase of FAPbI3, Cs™ cations were incorporated into the
alloy with FA [38]. Upon Cs™ doping, photo- and moisture stability of the perovskite film were

significantly improved, together with the film morphology and the device performance.

2.3.2 Stability of inorganic perovskites

All-inorganic caesium lead halide perovskites exhibit a better stability compared to the hybrid
counterpart due to the absence of the organic cation. [34-36]. For example, Kulbak et al. [35]
showed that CsPbBrs-based solar cells are more stable with respect to MAPbBrs after ageing
(Fig.2.12). However, stability problems under light illumination, heat and moisture are still

present in CsPbBrs perovskites.
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Figure 2.12: PCE evolution with time for MAPbBr3 and CsPbBr3 based PSCs [35].

Moisture, oxygen and light degradation

Under UV illumination, a decrease of the PL intensity and morphology changes are observed in
CsPbBr3 perovskites [123,212-215]. Wang et al. [123] showed that, under UV illumination at
high intensity (~20mW cm~2), PL emission spectra of CsPbBrs NPs decrease in intensity and
red shift with time. Monitoring the evolution of the PL and absorption spectra, they suggest that
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a photon driven transformation (PDT) process occurs in CsPbBrg NPs: under laser irradiation
CsPbBrs NPs coalesce into larger crystals. The absorption of photons tends to remove the
surface bonding ligands between the NPs, given their small binding energy [216], facilitating the
ion migration and the coalescence between the nearest NPs. PDT is directly demonstrated by
the morphology change in the SEM images of the film: crystals with micrometre size are formed
upon the laser exposure. The PL loss was attributed to the formation of carrier traps due to

the photo-induced desorption of surface ligands.

Huang et al. [212] investigated in details the degradation of CsPbBrs NCs in presence of
light, moisture and oxygen. CsPbBrg NCs film stored to 60 % RH showed a sharp reduction
in the PL intensity under blue illumination at ~ 175 mW cm™2: the residual PL was of about
10.6 % after 8 h of illumination. In addition, the PL emission red shifts, due to the formation of
larger crystals during illumination, as already observed by Wang et al. [123]. The degradation
was slowed down if the film was isolated from moisture and oxygen and no PL loss was observed
with the film stored in the dark, even at high RH (> 60 %). Oxygen plays a crucial role for the
degradation of CsPbBrg NCs: film stored in pure oxygen showed a PL reduction of 73.4 % after
1h of illumination. Huang et al. [212] proposed a possible degradation pathway for CsPbBrj

NCs, showed in Fig.2.13. Despite the presence of surface bonding ligands, moisture and oxygen

@cscPbesr
QP H0 @@ oxygen
CPB-NCs

Surface bonding ligands

Oxygen speeds up the ripening of CPB-NCs
¥ :

Y ~ 3 Moisture facilitates ion migration

s
: >

Oxygen+moisture

eV
1111 PbCO;s or PbO: Reaction among CsPbRrs,
HQO, 02 and C02

-«

Large cubic CPB crystal

Oval shaped CPB erystal

Figure 2.13: Scheme of the possible degradation pathways of CsPbBrs (CPB) film under illumination at different
power density in presence of moisture and oxygen [212].
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can reach the NCs surface and some hydrated CsPbBrj species (CsPbBrs-2H20) may be formed,
as for MAPI. Under illumination, surface bonding ligands are easily removed by the absorption
of photons and the NCs tend to be aggregated due to the strong Van der Waals attraction forces.
Obviously, the amount of hydration reaction increases due to removal of surface ligands. The
unstable CsPbBrs NCs may be eroded by oxygen and the dissociated ions migrate to the large
CsPbBrj crystals, contributing to the crystal growth (Ostwald ripening process). Moreover, also
hydrated CsPbBrj3 species may support the ion transport and facilitate the crystal growth. On
the other hand, hydrated CsPbBrs species can react with Oy and COs, leading to the surface

decomposition:

1
2CsPbBrs - HyO + 502 + C0O9 — 2CsBr + PbCO3 + Pb(OH)g + 2HBr + Bro, (2.10)

Pb(OH)2 — PbO+H20. (2.11)

Indeed, Huang et al. observed Pb clusters at the surface edge of the crystals in high-angle
annular dark field scanning TEM images due to the formation of PbCO3s and PbO phases.
Surface decomposition and the photo-induced desorption of surface ligands are the main factors
that produce the PL loss.

Thermal degradation

Besides moisture, oxygen and light, also thermal annealing has been regarded as another factor

for the degradation of CsPbX3 perovskites.

Yuan et al. investigated the structural and optical properties of CsPbBrs NCs annealed
at different temperatures [124,217]. They showed a red shift of the PL emission at room
temperature after the annealing process, that became more evident increasing the annealing
temperature. The red shift of the emission was ascribed to the coalescence of the NCs dur-
ing the thermal annealing process due to the removal of surface ligands (see TEM images of
Fig.2.14). Moreover, a reduction of the PL intensity occurred for NCs annealed above 340 K
and temperature-dependent PL measurements bring evidence of a more rapid drop of the PL
intensity for NCs annealed at higher temperature. This reduction was ascribed to the formation

of non-radiative recombination centres due to the removal of surface ligands [124,217].

" without annealing anneajedqtdoo L&

Figure 2.14: TEM images of CsPbBr3 NCs at room temperature without thermal annealing and with thermal annealing
at 400 K for 20 min, respectively [124].
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Improvement stability

In order to improve the stability of the NCs, surface passivation [155,215,218,219] and encap-
sulation methods [213,220,221] were carried out.

Passivation methods Jing et al. [214] proposed an acetone-etching selecting method to
form a passivation layer on mixed CsPb(Br,I;_,)s NCs: acetone wash partially etches iodine
away on the iodine-rich NCs surface, forming a Br-rich self-passivation layer. After the treat-
ment, the stability of the NCs was significantly enhanced. Woo et al. developed an inorganic
passivation method that made CsPbBrs NCs more stable, introducing a metal bromide (ZnBrs)
in the precursor solution. Koscher et al. [155] demonstrated a post synthetic treatment of
CsPbBrs nanocrystals with thiocyanate salt to passivate the NCs surfaces. After the treatment,
the PLQY approaches unit and the stability was significantly enhanced.

Encapsulation methods In order to improve the stability, CsPbBrs were embedded into
alumina and/or silica (SiO2) templates [213,220]. For example, Louidice et al. [213] proposed
an amorphous alumina (AlO;) encapsulation method to prepare CsPbBrs NCs/AlO, inorganic
nanocomposites. These nanocomposites exhibited exceptional stability towards exposure to air
(for 45 day), irradiation (for 8h) and heat (up to ~200°C). On the contrary, pristine sample
degraded in few days. However, these encapsulation matrix are carried out with insulating
templates (Al, SiOg). Alternatively, Li et al. [221] synthesize CsPbBr3/TiO2 NCs, that exhibit
exceptional stability in water (only 15 % PL loss after 3 month).

To conclude this paragraph, we report in Tab. 2.1 the improvement in the stability of CsPbBrs
NCs obtained with passivation and/or encapsulation methods. We can see that, up to now, a

stability of about 300 h under light exposure and of few month under moisture has been reached.

Table 2.1: Some representative results concerning the stability improvement in CsPbBrs NCs with passivation and/or
encapsulation methods.

Stability test

Passivation Encapsulation Ref.
Description PL loss
Thermal (heating at 200°C) 5%
- AIO, [213]
Moisture (RH =30% at 25°C) No PL loss after 45 days
DDAB, DBATES SiO2/Al203  Photostability (470 nm LED at 21 mW/cm?) 10% in 300 h. [220]
S2—_DDA and Photostability (450 nm LED at
In(Acs) - 175 mW /cm?) No PL loss for 188 h [219]
TiO2 TiO2 Water 15% in 3 month [221]

_ DDAB = dymethyl ammonium bromide, DBATES = Di-sec-butoxyaluminiumxytriethoxysilane,

Notes:
S2+_.DDA = didodecyl dimethylammonium sulfide




§3§ Perovskites applications

In this chapter we discuss the possible applications of perovskite materials for photovoltaics and
for light sources. In sec.3.1 we describe the structure, the operating principle and the history
of perovskite solar cells (PSCs); in addition we discuss the problem of stability in these devices.

In sec. 3.2 we present applications of perovskite materials for light emission.

3.1 Perovskite solar cells

In the field of photovoltaics, it is common to distinguish between different generations of solar
cells. First generation solar cells are based on a p-n junction of crystalline silicon wafers. Silicon
solar cells have a good stability [222] and a high conversion efficiency (record 26.7 % [223]),
but are rigid and the manufacturing cost is very high. Second generation solar cells [224]
are based on low cost thin-film semiconductors alternative to silicon wafers, such as amorphous
silicon (a-Si), GaAs, CdTe, copper indium gallium diselenide (Cu(In,Ga)(Se,S)2, CIGS) and InP.
However, the production of these devices is still expensive due to the synthesis techniques, such
as sputtering, physical vapour-deposition, and plasma-enhanced chemical vapour deposition.
Third generation of solar cells are recently emerged as alternative to thin-films solar cells given
their low-cost synthesis techniques. This class of solar cells includes dye-sensitized solar cells
(DSSC) [225], organic solar cells [226], quantum dot solar cells [227] and, finally, perovskite solar
cells (PSCs) [19].

As widely discussed in Chap. 1, perovskites have unique properties, such as a very high
absorption coefficient in the visible, long and balanced carriers diffusion length and tolerance
towards defects, that make them suitable for light absorbers in solar cells. In addition, as
shown in Fig. 3.1, the band gap of MAPI (~1.6€V at room temperature), the perovskite most
commonly used in PSCs, is close to the Shockley-Queisser limit [44,228-230], i.e. the radiative
limit for the photovoltaic conversion efficiency (PCE) of a solar cells with a single semiconductor
as light absorber (PCEp,qz ~33 %, Egmaz ~ 1.34€V).
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Figure 3.1: PCE as a function of the absorber band gap energy for a single-junction solar cell in the radiative limit
(Shockley-Queisser limit). The curve is calculated under standard conditions: air mass (AM) 1.5 illumination at 1 SUN,
cell temperature 25°C. The value obtained for MAPI as light absorber (E; =1.6€V) is reported in red.

35
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The schematic structure of a PSC is shown in Fig. 3.2(a). On a transparent conductive oxide
(TCO) glass, an electron transporting layer (ETL), in case of direct configuration (n-i-p), or
an hole transporting layer (HTL), in case of inverted configuration (p-i-n), is deposited. On
top of the transporting layer a thin perovskite absorbing layer is synthesized, followed by the
deposition of the HTL (or the ETL for p-i-n PSCs) and the top metal electrode. In case of
mesoporous ETL, a compact hole blocking layer is used before the ETL [231] to prevent holes

to reach the cathode (see Fig.3.4(b)). Given the high absorption coefficient of MAPT in the
visible, thin films (< 500nm) are used as light absorber in PSCs.

b) Energy

Electrode

Figure 3.2: a) Schematic structure of a PSC. The transporting layers indicated in brackets refer to the inverted planar

configuration. b) Energy level diagram and operating principle of a PSC. The solar cell is illuminated from the TCO
side.

The general operating principle of a PSC is illustrated in Fig.3.2(b). In this kind of solar
cell, the perovskite layer absorbs the sun light and electron-hole pairs are generated. The photo-
generated carriers are separated by the injection of electrons and holes from the perovskite into
the ETL and HTL, respectively. Finally, electrons and holes are collected by the respective
electrodes. In PSCs, the band alignment between the perovskite and the carrier transporting
layers (i.e. ETL and HTL) is fundamental for charge separation. In particular, the conduction
band minimum of the perovskite must be higher respect to the ETL and its valence band

maximum must be lower respect to the HTL. A scheme of the energy levels for the materials
most commonly used in PSCs is shown Fig. 3.3.
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Figure 3.3: Scheme of the energy levels with respect to vacuum of the materials most commonly used in PSCs
[136,232,233]. Only the values of the LUMO/conduction band for the ETLs and the HOMO /valence band for the
HTLs are reported. Variations from the values of this graph are reported in the literature.
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Now we discuss the characteristics of the materials most commonly used for each layer.

m TCO
The transparent electrode collects electrons in PSCs with direct configuration and holes in in-
verted PSCs. It is usually a doped metal oxide, such as fluorine-doped tin oxide (FTO) and
indium tin oxide (ITO). FTO and ITO have a high conductivity and high transmittance in the
visible range [234-236].

ETL
The ETL extracts electrons from the absorbing layer, that are then collected by the cathode.
Until now, mesoporous titanium oxide TiOg (mTiO2) is the ETL most commonly used in PSCs.
However, the synthesis of mTiOg requires high temperature (>450°C) [237], which is incom-
patible with flexible substrates. Direct planar structure based on compact TiOz (cTiO2) can be
synthesized at low temperature, but suffers of large J-V hysteresis [238]. Moreover, PSCs with
TiO2 are unstable under UV light irradiation (see sec.3.1.1).

In addition to TiO2, other metal oxide, such as ZnO [239,240] and SnO» [218,241-243], have
been demonstrated as alternative ETLs for high-efficiency PSCs. ZnO and SnOg exhibit similar
or even better electrical and optical properties as compared to TiOg, in particular an higher
electron mobility [244]. The synthesis of SnOg films requires low temperature (150°C) with

respect to TiOg, that will allow fabrication of the photovoltaic device on flexible substrates.

For inverted planar PSCs, fullerenes, such as [6,6]-phenyl-Cgi-butyric acid methyl ester
(PCBM) and [60]fullerene (Cgp) are the ETLs most commonly used [245-247].
B Perovskite active layer
In the perovskite layer, carriers are generated and transported to the selective transport layers
(ETL and HTL). Thus, the active layer must have strong absorption in the visible, a suitable
band gap and good transport properties. MAPI, with a band gap of about 1.6eV at room tem-
perature, high absorption coefficient and diffusion length exceeding 100 nm (see Chap. 1), is the
material most extensively used in PSCs. However, MAPI suffers of moisture, light and thermal
instability, as discussed in sec.2.3.1. PSCs with the best efficiencies [22, 248] were obtained
using FAPbDI3 as active layer instead of MAPI, given the smaller E; (see Tab.1.4), that allowed
a broader absorption of the solar spectrum. A small amount of MAPbBrs was also introduce to
stabilize the perovskite crystalline structure of FAPbI3 at room temperature.

HTL

HTL extracts holes from the absorbing layer, that are then collected by the anode.

2,27,7,7 -tetrakis( N, N-di-p-methoxyphenylamine)-9,9 "-spirobifluorene (Spiro-OMeTAD) is
the HTL most commonly used, especially in mesoporous and direct planar PSCs. This molecule
was already used in solid state DSSCs [249]. Spiro-OMeTAD is chosen as HTL since its synthe-
sis does not require high temperature; as a consequence, it can be deposited without damaging
the perovskite layer. Spiro-OMeTAD is usually doped in order to increase hole mobility and
conductivity [250-252], that are very low in the pristine material [253,254]. Typical dopants
are 4-tert-butpyridibe (TBP) and bis(trifluoromethane)sulfonimide lithium salt (Li-TFSI) that,

unfortunately, cause instability in the device (see sec.3.1.1).

For inverted planar PSCs, poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate), also ab-
breviated as PEDOT:PSS, is the HTL most commonly used [245-247].
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A list of other organic and inorganic HTLs employed in PSC can be found in [255].
H Metal electrode
The metal electrodes most commonly used in PSCs are Au, Ag and Al. Au and Ag are generally
used as anode in mesoporous and direct planar PSCs, while Al is usually used as cathode in
inverted planar PSCs [245,247,256]. Gold is more expensive than silver, but PSCs with Au
electrode exhibit higher performance and a better stability (see sec.3.1.1).

In Fig. 3.4 different PSCs are shown following the improvement in time. Early PSCs [21,257]
(2009-2012) had a structure similar to a DSSC (Fig.3.4(a)): mTiOy was used as ETL and a
iodine liquid electrolyte as HTL. Since 2012 solid-state HTLs were used to replace the liquid
electrolyte, in which the perovskite dissolved easily [257]. Different structure of PSCs were
realized: mesoporous PSCs [173,237] (Fig. 3.4(b)), planar PSCs [168,258] (Fig.3.4(d,e)), meso-
superstructured solar cells (MSSC) [209,259] (Fig.3.4(c)). In the last case, electrons remain in
the perovskite layer until they are collected at the FTO electrode due to the high-energy metal

oxide conduction band.

Top electrode Top electrode
iquid electrolyte
Perovskite dye

Hole transporting layer

Perovskite

Blocking layer
FTO FTO FTO substrate

Top electrode Top electrode
Fullerene layer

Hole transporting layer

Perovskite Perovskite

Figure 3.4: Different structures of PSCs: a) Perovskite-sensitized solar cell. b) Mesoporous PSC. (c) MSSC. (d) Direct
(n-i-p) planar heterojunction solar cell. (&) Inverted (p-i-n) planar heterojunction solar cell. [198, 260]

3.1.1 Stability of PSCs

As shown in Fig.3.5(a), PSCs exhibit a remarkable rise in their PCE, that grew from 3.8 %
to 22.1% in less than 10years. Despite the rapid growth in their efficiency, that has values
comparable to silicon solar cells, the commercialization of PSCs is still limited by the poor
device stability under operation. In Fig.3.5(b) the improvement in the stability of PSCs from
2009 to date is reported. We can see that the average lifetime of PSCs increased from few
hours [21] to one year [261]; however such duration is far from the value of silicon panels, that
are usually guaranteed for at least 20 years operation.

The limited lifetime in PSCs is due to several factors: the stability of the perovskite itself and
the instability caused by the other components of the cell (transporting layers and electrodes).
We already discussed the problem of stability of perovskites in sec. 2.3. In this section we briefly
summarize the main factors that cause instability in PSCs devices. Possible strategies that are

developed in order to enhance the long-term stability in PSCs are also discussed.
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Figure 3.5: a) PCE evolution of PSCs from 2009 to date. b) Evolution of the stability of PSCs from 2009 to date [41].

ETL

| TiOg is the ETL most commonly used in PSCs. The instability of PSCs with TiOs is
mainly due to its sensitive nature to UV light [30,31].

The stability of PSCs under UV irradiation was investigated for the first time by Snaith
and co-workers [30]. Sensitized PSCs with TiOy as ETL, stored in Ny atmosphere, exhibited
a rapid drop in photocurrent and PCE if exposed to UV light. The mechanism proposed by
Snaith et al. for UV-induced TiO2 degradation is shown in Fig. 3.6(a). (I) TiO2 contains many
oxygen vacancies (Ti3"), especially at the surface of the nanoparticles [262,263], that act as deep
electron-donating sites, placed at about 1eV below the CB. These electron-donating sites can
recombine with molecular oxygen, which is absorbed at the oxygen vacancy sites. (II) After UV
illumination, electron-hole pairs are formed on TiO2. Holes in the valence band can recombine
with the electrons at the oxygen adsorption site, desorbing the oxygen. Thus, free electrons
remain in the conduction band and an unfilled vacancy site at the TiOy surface. (III) These
deep electronic sites can further trap the photo-generated electrons from sensitizer (perovskite).
(IV) Since Spiro-OMeTAD is usually p-doped when is used as HTL [173,253,258], there are
excess holes which can recombine with the immobile trapped electrons left behind from the
excitation, leading to a reduction of the collected charges.

Moreover, also MAPI active layer degrades under UV irradiation in PSCs with mTiO4 as
ETL [31]. Perovskite decomposition under UV light exposure occurs at the TiOg/perovskite
interface because of the photocatalytic action of TiOy. The decomposition of MAPI is driven
by electron extraction from a iodide anion into TiOy (Fig.3.6(b)). The possible decomposition

process at the interface between TiO2 and MAPI is summarized by the following reactions [31]:

21" = Iy + 2e” (3.1)
CH3NH; = CH3NHy (g) +HT (32)
I"+I+2 +3H" =3HI(g). (3.3)

Since MAPI is composed by MA, Pb?*T and I~ ions, TiOy can extract electrons from I~ and
deconstructs the perovskite, leading to the formation of I (reaction 3.1). The electrons extracted

can return back on the TiOs surface to reduce Iy: consequently, reaction 3.3 can take place
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Figure 3.6: a) Proposed mechanism for UV degradation in mTiO2 based sensitized PSCs. In this figure the label
“Dye" refers to perovskite [30,264]. b) Light induced degradation of mTiO2/MAPI PSC [31].
releasing HI. Loosing HT, the reaction 3.2 can take place and provokes the decomposition of
MA into methylamine (CH3NHs). Finally, methylamine and HI evaporate due to their low
boiling point, leaving Pbls behind.

In order to prevent the electron extraction from iodine at the TiOg/perovskite interface
(reaction 3.1), Ito et al. [31] inserted SheSs as blocking layer between TiOy and MAPI. This
insertion improved the stability of the PSC against light illumination and also the PCE.

B | PCBM | PCBM can absorb oxygen or water in ambient air [265], leading to the degradation
of PCBM itself or of the perovskite layer. Moreover, PCBM layer cannot form a continuous film
at the surface of the perovskite film, leading to a rapid chemical reaction between the metal

electrode and the perovskite and/or the exposure of perovskite to the ambient environment [266].

HTL

| Spiro—OMeTAD‘ Spiro-OMeTAD, which is the HTL most commonly used in PSC with
direct configuration, is generally p-doped with TBP and/or Li-TFSI in order to increase the hole

mobility and conductivity [253]. However, the use of these additives can reduce the stability of
the device.

Li-TFSI is generally dissolved in acetonitrile [32,168,173, 258], that can corrode the per-
ovskite. Moreover, Qi et al. [32] demonstrated that Li-TFSI can migrate to the top surface
of the Spiro-OMeTAD film when the device is exposed to air, leading to a decrease in the
photovoltaic performance.

The diffusion of dopants upon air exposure is facilitated by the presence of small-size pinholes
that are usually present in Spiro-OMeTAD films, with diameters in the range of 100 nm - 20 pm
(see Fig.3.7(a)). These pinholes form channels across the Spiro-OMeTAD film that facilitate the
inward diffusion of O and HoO gas molecules present in air, leading to detrimental effect on the
perovskite layer. In addition, these pinholes can facilitate the outward diffusion of compounds

with high vapor pressure resulting from the decomposition of MAPI (for example MAI and HI).
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Figure 3.7: a) Atomic force microscopy (AFM) topography maps of Spiro-OMeTAD films [32]. b) PCE temporal
evolution for PSCs composed by Spiro-OMeTAD HTL with (blue curve) and without pinholes (green curve), under
operation in air with controlled RH (~ 42%) [267].

To solve this problem, pinhole free Spiro-OMeTAD films were realized by changing the synthesis
technique [267,268], with a remarkable increase in stability (Fig.3.7(b)).

n ‘ PEDOT:PSS ‘ PEDOT:PSS, the HTL most commonly used in inverted PSCs, causes insta-
bility in PSCs due to its acidic and hygroscopic nature [269,270]. In particular, ITO/PEDOT:PSS
interface is unstable, especially in ambient conditions [270]. Indeed PEDOT:PSS can easily ad-

sorb water molecules in air, that can corrode ITO electrode and/or decompose the perovskite

absorbing layer.
Electrodes

The metal electrodes most commonly used in PSCs for charge collection are Au, Ag and Al (in
inverted structure). Ag electrodes, that are cheaper with respect to Au ones, can be corroded in
presence of MAPIT [33]. The degradation process of Ag electrodes in PSCs is shown in Fig. 3.8.
As previously said, HoO can diffuse through the pinholes present in the Spiro-OMeTAD layer
and reach the perovskite film, leading to its decomposition into MAI, Pbls and HI. These iodine
compounds containing volatile species can migrate from the MAPI layer to the top surface of
the Spiro-OMeTAD film and reach the Ag electrode by surface diffusion. Finally, these iodides

containing volatile species react with Ag to form Agl, corroding the electrode. Agl formation

s H,0

Surface diffusion
of iodine-containing compound

Figure 3.8: Schematic illustration of the degra-
dation process of Ag electrodes [33]: a) H2O in
air diffuse through pinholes in the Spiro-OMeTAD
layer. b) Decomposition of MAPI leads to the for-
mation of iodine containing volatile compound. ¢)
Migration of the iodine containing volatile com-
pound from the MAPI layer to the top surface of
the Spiro-OMeTAD. d) Surface diffusion of the io-
dine containing volatile compound, corroding the
electrode. e) Agl formation.

Degrades to Pbl, and MAI
b)

Migration of iodine-containing

compound
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was confirmed by XRD spectra in the aged devices [33,271]. A similar phenomenon was also
observed for Al-contacted devices [272].

Another factor of instability related to the electrodes is the migration of metal ions in PSCs.
Domansky et al. [273] demonstrated that, heating the device at about 75°C, Au ions evapo-
rate from the electrode and diffuse across the Spiro-OMeTAD, reaching the perovskite layer.
Au atoms inside the perovskite can create deep trap states, which enhance the non-radiative
recombination, or produce shunts across the device, leading to a reduction of the photovoltaic

performances.
Hysteresis in PSCs
Another factor of instability in PSCs is the hysteresis in the current density-voltage (J-V) curves,

that are found to be dependent on the voltage scan direction (forward or reverse scan) and on
the scan rate. Therefore, the photovoltaic parameters are not uniquely determined. Hysteresis
is also observed in DSSC, organic solar cell and Si solar cells when the voltage scan is too fast
and is explained by capacitive effect in the device. Typically, in the reverse scan (from Vpc to
Jsc) higher current is measured than in the forward scan. Therefore, in presence of hysteresis,
the reverse scan and forward scan tend to overestimate and underestimate, respectively, the
efficiency of the PSCs.

In PSCs the hysteresis is strongly dependent of the device structure [238]. Snaith et al.
[238] showed that planar PSCs and MSSCs presented large hysteresis than mesoporous PSCs.
Moreover hysteresis in mesoporous PSCs increased passing from thick to thin mTiO2 [169,238].
They also demonstrated that the hysteresis in these solar cells predominantly arises from the
interface properties between the perovskite absorber and the transporting layers. In addition,
the hysteresis in PSCs depends strongly on the scan speed of the bias voltage [238,274].

The origin of hysteresis in PSCs is still debated and several mechanism have been proposed,

as shown in Fig. 3.9):

o internal electric field associated with the polarization of perovskite ferroelectric domains
under external applied bias [276-278].
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Figure 3.9: Example of a J-V curve with hysteresis. In the inset: schematic picture showing the different processes
that can lead to hysteresis in a PSCs during J-V measurements [275]
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Chen et al. [277] revealed a strong correlation between transient ferroelectric polarization of
MAPI induced by a reverse external bias in the dark (pooling) and the hysteresis enhancement
in photovoltaic characteristics, whose extent changes considerably with the device architec-
ture. In particular, the effect of the internal polarization on the photo-current is less relevant
in mesoporous PSCs since electrons are captured by TiOs surface before their movement is

controlled by the ferroelectric dipoles.

o the presence of trap states at the interfaces.

Li et al. [279] explained the hysteresis through dynamic charge trapping—detrapping processes.
According to this group, hysteresis is caused by two factors: releasing of carriers from shallow

traps with changing bias and change in electric field due to deeper trap states.

e migration of the ions in perovskite (MA™, 1=, Pb?*) under applied voltage [280,281].

Under applied bias the volatile ions will migrate towards the electron/hole collector interfaces
to compensate the electric field in regions close to the electrodes, leading to an accumulation
of positive and negative space charges near the interface of each contact. This charge accu-
mulation is equivalent to n and p-doping near the charge collection interfaces, providing a

band bending near the contacts.

Strategies to improve the stability of PSCs

In order to overcome the problem of instability and produce stable PSCs, several approaches
have been developed, that include modification of the perovskite composition and/or the charge
transporting layers. We already discussed in sec. 2.3.1 how to improve the stability of the ab-
sorbing layer changing the composition. Now, we discuss alternative charge transporting layer

to improve the stability of PSCs.

B ETLs modification: In order to overcome the UV instability, Snaith et al. [30,209] re-

placed mTiOs with an insulating mesoporous AlsO3 scaffold. These meso-superstructured solar

cells (MSSC) showed performance for a period of over 1000 h. Recently, SnO2 was also proposed
as a promising ETL [136,241,242] due to a lower conduction band [241] and an higher electron
mobility [282] with respect to TiOy. PSCs fabricated using SnO2 as ETL showed a faster elec-
tron extraction [218,241,242] and an higher stability [136,241] with respect to TiOg-based PSCs.

B HTLs modification: Since PEDOT:PSS is unstable in ambient air and the conventionally
additives used to dope Spiro-OMeTAD (TBP,Li-TFSI) have negative effect on the stability of
perovskite, alternative inorganic and organic HTLs have been explored to improve the stability
of PSCs [260].

In PSCs with direct configuration, copper iodide (Cul) [283,284] and copper thiocyanate
(CuSCN) [285,286] were employed as inorganic HTL to replace Spiro-OMeTAD. PSCs with Cul
as HTL showed a better stability under illumination [284] and less hysteresis [283] with respect
to the device with Spiro-OMeTAD. Devices with CuSCN showed a better thermal stability [286]
with respect to PSC with Spiro-OMeTAD as HTL.

In inverted PSCs, the most successful results in terms of device stability was obtained by

using nickel oxide (NiO,), that, compared to other inorganic HTLs, is cheaper and easy to
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synthesize. By replacing PEDOT:PSS with NiO, [165,266,287] a significant enhancement in
stability was achieved.

Finally, another material that was recently introduced in PSCs is graphene. We discuss in
the following section the improvement in the device performance and stability that were reached

by using graphene in PSCs.

3.1.2 Graphene in perovskites solar cell

Graphene, an atomically thin layer of carbon atoms stacked in regular two-dimensional (2D)
hexagonal lattice, attracted great interest for optoelectronic applications and for energy conver-
sion [288] thanks to its exceptional electronic, optical and mechanical properties. Several unique
properties make it attractive: high charge carrier mobility (2m? V~'s~! [289]), high Young’s
modulus (1.0 TPa [290]), high thermal conductivity (5000 Wm~'K~! at room temperature for
a single layer [291]) and high optical transmittance [292]. Moreover, its work function (WF),
equals to 4.2 eV for pure graphene [293], can be tuned by chemical modification (oxidation, dop-
ing) [293-295]. In Tab.3.1 the WF of pure graphene and graphene related materials (GRMs)

are reported.

Table 3.1: WF of graphene and GRMs. Variations from the values of this table are reported in the literature.

WF (eV) Ref.

Graphene 4.2 [293]

Graphene oxide (GO) 4.95 [296]
Reduced GO (RGO) 4.4-6.7 [297]
Lithium-neutralized GO (GO-Li) 4.3 [295]

The easy tunability of the WF make graphene and GRMs ideal candidates as transport-
ing layers in PSCs, where the band alignment is fundamental to obtain efficient electrons and
holes collection. As a matter of fact, graphene and GRMs were recently integrated in PSCs as
trasporting layers [180,298,299], dopants in transporting layers [53,296,300-302], or as inter-
layers between perovskite and transporting layers [53,296, 303], with the aim of improving the
PCE and the long term stability of the device.

Graphene-based HTL

GO is generally employed in PSCs as HTL [180] or as interlayer between perovskite and HTL
[296,304] due to its high WF (~ 5¢eV). GO-based PSC exhibits better photovoltaic performance
with respect to cells with the conventional HTLs; in addition, the morphology of MAPI film is
improved when it is grown onto GO substrate (see Fig.3.10(a)).

However, perovskite degradation is faster in GO-based PSCs [296] since GO contains oxygen
species (see Fig.3.10(b)). An improvement of the device stability was obtained by using RGO
as HTL [298,299] instead of GO. The better stability of devices with RGO was associated with
the inherent passivation ability of RGO against oxygen and moisture: thus the decomposition
of MAPI film is lower [299].

Graphene-based ETL

Doping mTiO2 with graphene is an effective way to improve the stability and the performance
of PSCs [296,300-302]. Wang et al. [302] introduced graphene flakes into mTiO2 (G+mTiO2),
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Figure 3.10: a) SEM images of perovskite films grown on ITO/GO (left) and ITO/PEDOT:PSS (right). Perovskites
grown onto GO exhibited a high surface coverage [180]. b) Normalized PCE evolution versus time for the following de-
vices: (A) Reference (FTO/cTiO2/mTiO2+G/perovskite/GO/Spiro-OMeTAD/Au), (B) G+mTiO; instead of mTiOq,
(C) GO interlayer between perovskite and Spiro-OMeTAD, (D) mTiO2+G instead of mTiO2, GO interlayer between
perovskite and Spiro-OMeTAD [296]. c) J-V curves under 1 SUN illumination for the devices with mTiO2 and mTiO2
plus GO-Li as ETL [303].

increasing the PCE from 10 % to 15.6 %. The PCE enhancement was attributed to a reduction
of the energy barrier height at the ETL/FTO interface, because graphene has a WF between
that of FTO and the TiOs conduction band. Moreover, a better long-term stability under
illumination in PSCs with G4+mTiOy was demonstrated by Agresti et al. [296] (Fig.3.10(b)).
Alternatively, Han et al. used RGO to dope mTiO2 [301], obtaining again better photovoltaic
performance.

Finally, also GO doped with atoms that reduce its WF can be used as ETL. In particular, the
substitution of H atoms in the carboxyl groups of GO with Li atoms leads to a reduction of GO
WF from 5eV to ~4.3eV [295]. Moreover, Li treatment has a beneficial role in the passivation
of the surface traps and in the improvement of the electron injection [300,305].

Since GO-Li WF matches with the TiOs conduction band, Aldo di Carlo group’s [303]
recently introduced GO-Li as interlayer between perovskite and mTiOs ETL. A remarkable
improvement in PCE was observed in case of mTiOs plus GO-Li as ETL, mainly ascribed to an
higher fill factor (FF) and an increase of the short circuit current density (Js¢) (Fig.3.10(c)).
Moreover, the device with mTiOy/GO-Li as ETL showed a better long-term stability with
respect to the device with only mTiO2), because of a passivation of TiOy oxygen vacancies, that
are the main reaction centers for moisture attack.

To conclude this section, in Tab. 3.2 the structure, performance, the improvement and the

drawback of the most representative graphene-based PSCs are listed.
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Table 3.2: Summary of the most representative graphene-based PSCs: device structures, photovoltaic performances, improvements and drawbacks

Device structure PCE Jse Voc FF
) Improvements and drawbacks Ref.
Cathode ETL Active Layer HTL Anode (%) (mA/cm?) (V) (%)
GO 12.40 17.46 1.00 71 More efficient hole extraction and better crystalline
ZnO/Al PCe1BM MAPbI3_,Cl; PEDOT:PSS ITO 99 15.09 0.93 66 quality of perovskite layer with GO as HTL. [180]
. GO improves the contact between perovskite and
GO/S -OMeTAD 145 20.0 1.03 72
FTO cTiO2 MAPI m\. _u__\m0u_<_ m>_u Au Spiro-OMeTAD and retards the radiative recombi- [304]
piro- el 10.0 18.5 0.93 64 nation at the TiOs interface.
RGO 9.95 14.81 0.95 71.13  Better charge transfer, long-term stability and per-
Ag/BCP PCe1BM MAPI PEDOT:PSS ITo 8.8 13.65 0.92 69.97 ovskite crystalline quality with RGO as HTL. [299]
G+mTiO3/Al203 . 15.6 21.9 1.04 73 . .
FTO 3._|EON\>\_mOw MAPbI3_,Cl, Spiro-OMeTAD Au 10.0 17.7 1.00 61 PCE enhancement with G+mTiO2 as ETL. [302]
cTiO2/RGO+mTiO2 . 14.5 22.0 0.93 70.7  Better charge collection and reduced interfacial re-
FTo cTiO2/mTiO2 MAPI Spiro-OMeTAD Ae 15 19.6 086 668 sistance doping mTiO2 with RGO. [301]
cTiO2/G+mTiO2 GO/Spiro-OMeTAD 18.19 22.48 1.08 75.12
. - . Better electron extraction and long-term stability
TiO TiO GO/S -OMeTAD 14.11 20.92 1.05 64.10
FTO qn o_ mm\ m _Amo MAPI m\ . n:m_/\_ 4m>o Au in case of G+mTiO2 ETL. Faster perovskite degra-  [296]
cTiO2/G+mTiO2 piro-OMe 16.30 22.95 1.03 68.90 dation in presence of GO.
cTiO2/mTiO2 Spiro-OMeTAD 15.34 20.93 1.03 71.08
cTiO2/mTiOyla] MAPI Spiro-OMeTAD 18.89 22.07 1.097 78 . . .
fro  CTi02/mTi0s?+RGO MAPI Spiro-OMeTAD A, 1954 2L9es 111 80 Jﬂ.w m_mMmﬂ extraction Aﬂm: xmw___.m m%&_.% (300]
. ; . u mTiOa. gets worse the crystalline quality
cTiO2/mTiO,[] RGO-+MAPI Spiro-OMeTAD 17.8 21.853 1104 738 henis added in perovskite or Spiro-OMeTAD.
cTiO2/mTiO,[] MAPI RGO-+Spiro-OMeTAD 18.76 21.455 1.108  78.9
cTiO2/mTiO2/GO-Li . 11.8 19.61 0.859 70.3 Better electron extraction and long-term stability
FTO MAPI Spiro-OMeTAD A . . 303
cTiO2/mTiO2 PIe € u 10.3 17.7 0.915 65.4 adding GO-Li interlayer. [303]
cTiO2/mTiO4 11.6 112.8[0 872  59.4
. . . Better long-term stability in case of G+mTiO2 as
cTiO2/mTiO2/GO-Li 11.9 118.01%! 823 624
FTO MAPI Spiro-OMeTAD A ETL. Higher J, h hene-based ETL 53
cTiO2/G+mTiOs piro-e Y125 1216l gas 614 g 09O I Erapnenease sare  [53]
cTiO2/G+mTiO2/GO-Li 12.6 114.8[0 857  64.6

BCP = Bathocuproine
Notes: [@ImTiO4 treated with Li before the deposition of perovskite layer.

(] Current (mA) extracted from large area devices (50 cm? of active area).
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3.2 Applications beyond photovoltaics

In this section we discuss the possible application of perovskite materials for light emission (LED

and laser).

3.2.1 Perovskite LEDs

Electroluminescence (EL) properties in perovskite materials were studied well before their de-
velopment for photovoltaic absorber. An early work of Saito and coworker [306] in 1994 demon-
strated electroluminescence from a 2D layered perovskite (C¢Hs;CoH4NH3)oPbly, but only at
liquid-nitrogen temperature. Since this seminal work, only few papers concerning light emission
from perovskites were reported until 2014, when the first room-temperature perovskite LED
(PeLED) was demonstrated [307]. In this work, hybrid MAPbls, MAPbBrsI and MAPbBrs
perovskites were used as emitting layers for near-infrared, red and green PeLEDs, respectively:
the external quantum efficiency (EQE) ranged from 0.1 to 0.4 %.

A typical PeLED (Fig.3.11(a)) consists of a front transparent electrode, an ETL (HTL), a
perovskite emitter, an HTL (ETL) and a back electrode. Under forward bias, charge carriers
are injected into the perovskite emitter where recombine radiatively, emitting photons (see
Fig.3.11(b)). We can see that the structure of a PeLED is similar to a PSC (Fig. 3.2(a)), but
the role of the charge transporting layers (ETL and HTL) in the two cases is different: in
a PeLED the transporting layers must enable the transport of electrons and holes inside the
perovskite layer, where recombine radiatively, whereas in a PSC carriers must be separated in
order to generate a photo-current. Therefore, also in a PeLED the choice of the transporting
layers with the correct band alignment is crucial to the device efficiency. For an efficient PeLED,
an ETL with a deep valence-band (to block holes) and an HTL with a low electron-affinity (to

block electrons) is preferred.

b) Energy

Electrode

Figure 3.11: a) Schematic structure of a PeLED. b) General operation of a PeLED.

Early PeLEDs reported by Tan et al. employed the basic structure of the PSCs [307]: the
perovskite active layer (MAPbX3) was sandwiched between mTiO2 (ETL) and Spiro-OMeTAD
(HTL). Subsequently, modification of the transporting layer and the improvement of the quality
of the active layer led to an increase of the EQE. In only one year of research, the EQE of
MAPDBrs PeLEDs passed from 0.1% [307] to 8.53% [308]; the rise in the EQE was much
faster with respect to the rise of the EQE in organic LEDs (OLEDs) or QD LEDs (QLEDs).
[54]. However, the EQE of PeLEDs remains below the efficiency (>20%) demonstrated for
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OLEDs and QLEDs operating in the visible [62,63]. To achieve 8.53 % of EQE, Cho et al. [308]
synthesised MAPDbBrs films with small grain size (~100nm) by using NCs pinning instead of
the conventional spin-coating. Indeed, small grains can spatially limit the diffusion length of
excitons or carriers, and, therefore, increase the radiative recombination.

Concerning all-inorganic CsPbBrs perovskites, the first PeLED was reported by Song et
al. [309] in 2015: the EQE was of merely 0.12 %. In CsPbBr3 PeLEDs, the surface ligands plays
a fundamental role for the performances of the device. Although a large number of ligands is
necessary to provide sufficient surface passivation, excessive ligands can form an insulating layer
because the ligands used during the synthesis of CsPbX3 NCs usually have a very poor electrical
conductivity; therefore, they block the charge injection and transport in the emitter. Chiba et
al. [59] developed an effective washing process to remove excess ligands from the CsPbBrg NCs
surfaces; PeLED based on these washed NCs exhibits an EQE of 8.73 %, that is the highest
reported EQE for CsPbBrs NCs PeLEDs. High efficiency was also obtained for red CsPbls
PeLED (14.1% [60]). Instead, all-inorganic blue PeLEDs, that are obtained using CsPbCl3 or
mixed CsPbBr3_,Cl, NCs, exhibit efficiency less than 2 % and poor stability. The low efficiency
of blue PeLEDs is due to the low radiative efficiency of chloride-containing perovskite NCs and
to the tendency of Cl:Br mixed halide perovskites to show segregate phase (Cl-rich and Br-rich

phases) for the migration of the halogen ions under illumination and voltage bias [310,311].
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Figure 3.12: a) Emission from CsPbX3 NCs (black data points) plotted on CEIl chromaticity coordinates and compared
to most common colour standards: conventional LCD TV (dashed white triangle) and National Television System
Committee (NTSC) TV (solid white triangle) [18]. b) Scheme of a white LED device combining blue LED chips with
CsPbX3 NCs/PMMA composites [56]. c) Optical images of three typical white LED devices exhibiting (1) red-white,
(2) white, and (3) green-white light, respectively [56]. c) EL spectrum of the three LED devices corresponding to the
optical images in (c). The EL spectra were measured with an operating voltage of 2.6V and a current of 8 mA [56].

Apart from LEDs, halide perovskite NCs are promising candidate also as light converters
in back-light display applications to replace the common rare-earth-activated phosphors. In-
deed, due to the narrow emission and the continuous spectral tunability in the whole visible
range (see sec. 1.3.2), CsPbX3 perovskite NCs show a wide colour gamut, that covers a greater
area (>140%) than the National Television System Committee (NTSC) colour standard [18]
(Fig.3.12(a)). In a phosphor converted white LED, phosphors absorb the light emitted by a
blue chip (typically GaN or InGaN semiconductors) and re-emit this light across the visible
spectrum. CsPbXj3 can be used to replace the phosphors to finely tune the emission spectrum,

but cannot be coated directly onto the blue chip due to their poor moisture stability and the
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anion-exchange reaction [312], that is detrimental for the white-light emission.

For this reasons, CsPbX3 NCs used for back-light applications are usually embedded in a
polymeric matrix (for example Poly(methyl methacrylate), PMMA) [56] or in porous templates
[313]. In Fig.3.12(b) an example of white LEDs obtained combining blue LED chips with green
and red perovskite NCs/PMMA composites is reported. These devices showed red-white, white,
and green-white light (see Fig.3.12(c,d). Moreover, the correlated colour temperature (CCT)
of these devices can be tuned (2500-11500 K) by changing the ratio of green- and red-emitting
perovskite NCs.

3.2.2 Lasing in perovskites

Stimulated emission in perovskite films were firstly observed by Kondo et al. [314] in 2005.
However, CsPbBrs films exhibited a poor crystalline quality and the threshold was very high
(~100kW cm~2 at room temperature). In 2014, Xing et al. [315] demonstrated low-threshold
amplified spontaneous emission (ASE) in MAPbXj3 perovskite films using a 150 fs pump pulse
with a repetition rate of 1kHz; the reported threshold was of about ~12puJcem™2 at room
temperature. At the same time, Deschler et al. [316] first demonstrated room temperature
lasing from trihalide perovskite (MAPbCl,I5_,) in a vertical surface-emitting cavity with the
perovskite as active medium. One year later, two groups reported low-threshold ASE and lasing
from CsPbBrs NCs [64,151]; in addition, the stimulated emission showed an excellent stability
upon uninterrupted laser irradiation [151].

Since the first demonstration of ASE and lasing from lead halide perovskites, room tem-
perature perovskite lasers have been realized with thin films or nanostructures, using different
cavities, as shown in Fig. 3.13: perovskite single-crystal Fabry-Pérot cavity [66,69], whispering-
gallery-mode (WGM) cavity [67,68], vertical surface-emitting laser (VCSEL) [70]. Perovskite
NWRs and NPs intrinsically form Fabry-Pérot cavity, delimited by the crystal surface [66,69].
Instead, polygonal NPs and perovskite-coated spheres naturally form WGM cavities, that pro-
vide total internal reflection of light around the resonator [67,68]. Moreover, halide perovskites
can be also embedded between multilayer dielectric Bragg reflectors (DBRs) to form vertical
surface-emitting lasers (VCSELs) [70] or integrated in photonic templates [317].

In Tab. 3.3 the most representative results of ASE and lasing from MAPI and CsPbBr3 per-
ovskites at room temperature are reported. We can see that the threshold values (=~ pJ cm™2) are
comparable to other solution-processed materials, such as chalcogenide quantum dots (CQDS)
[318], under similar excitation condition. However, all the results reported in Tab. 3.3 refer to

ASE/lasing from lead halide perovskite under pulsed excitation, a condition well away from real
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Figure 3.13: Different perovskite cavities: a) Spherical (left) and planar (right) WGM cavities. b) Perovskite single-
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laser devices, that operate under by continuous-wave (CW) optically pumping. Very recently
(2018), an unpublished work of Li et al. [71] report, for the first time, lasing action in a sur-
face emitting distributed feedback (DFB) MAPI perovskite resonator on Si substrate at room
temperature under CW optical pumping, with a power threshold density of 13 W cm™2. This
work represents a key step toward the realization of perovskite laser diodes. Room temperature
CW lasing was also demonstrated in CsPbBrs perovskites [319], but with a very high threshold
(~10kW cm—2).

Table 3.3: Selected representative results of ASE/lasing from MAPI and CsPbBrs perovskites at room temperature
under pulsed excitation.

Emission Wavelength Pump source Threshold

laver Morphology Process Cavity Ref.
e (nm) Aecer tpulse, f (nJem—2)

MAPI thin film ~ 780 530 nm, 4ns, 10Hz 7.6 ASE - [65]

MAPI NWRs ~ 787 402 nm, 150fs, 250 kHz 0.2 lasing Fabry Pérot [66]

MAPI NPs ~T76-784  400nm, 150fs, 1 kHz 37 lasing Planar [67]
WGM

MAPI NPs(@) ~785-795 400 nm, 120fs, 76 MHz 11 lasing g?a“y/') [317]

CsPbBrg NCs film ~ 535 400 nm, 100fs, 1 kHz 2 ASE - [320]

CsPbBrg NWRs ~ 530 355nm, 150fs, 100 kHz 3 lasing Fabry Pérot [69]
. Planar

CsPbBr3 NPs ~ 535-540 400 nm, 50fs, 1 kHz 2 lasing WGM [68]

CsPbBrs NCs film ~ 510 400nm, 100fs, 1 kHz 29 lasing VCSEL [70]

(@) NPs were grown on an array of hexagonal boron nitride buffer layer.
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The study of the optical properties of MAPI and CsPbBrj3 perovskites presented in the following
chapters was performed by using photoluminescence (PL) spectroscopy. In this chapter we firstly
discuss the principle of this technique, underlying the physical information that can be obtained

and then we describe the experimental setups used to carry out the different measurements.

4.1 Photoluminescence

PL spectroscopy is an experimental technique extensively used to investigate the optical prop-
erties of semiconductors. This technique consists in exciting the material with photons having
an energy equals or greater than the semiconductor band gap (E;) and to measure the emit-
ted light, that arises from the radiative recombination, i.e. emitted photons, of photo-excited
carriers.

If the excitation is non-resonant (E > E,), carriers are excited with an excess energy respect
to the minimum (maximum) of the conduction (valence) band. These non equilibrium carriers
typically relax towards bottom of the band before recombining, losing their energy through
inelastic scattering processes. The carriers relaxation process can be more or less described
by four regimes [321], that occur in different time scales. Firstly, we have the coherent regime
(duration < ps), characterized by a well-defined phase relationship between the excited carriers
and the electromagnetic field that created the excitation. Carrier-carrier scattering is the main
responsible of the dephasing, that occurs on a very fast time scale (sub-pico second), leading to
the non-thermal regime, where the carrier distribution is non-thermal, i.e. it can not be described
by a temperature. The non-thermal regime, which takes place on a picosecond time scale, is
characterized by carrier-carrier scattering processes and by electron-optical phonon scattering,
that bring the non-thermal distribution to a hot thermal distribution (hot-carrier regime). In
the hot-carrier regime (duration 10 < 100 ps) the carriers are thermalized, but the temperature is
higher than the lattice temperature and may be different for the various carriers (electrons, holes,
excitons). During this regime, the carriers reach the lattice temperature mainly loosing energy
through scattering processes with acoustic phonons. At the end of the hot-carrier regime all
carriers are in thermal equilibrium with the lattice, but there is an excess of electrons and holes
compared to the thermodynamic equilibrium. For this reason, in the isothermal regime (duration
>100ps) these excess electron-hole pairs or excitons recombine and return the semiconductor to
the thermodynamic equilibrium. It has to be stressed that there is no clear separation between

the different regimes that also occur on a time scale shorter or longer than previously discussed.

4.1.1 Recombination processes

The recombination of charge carriers can be either radiative or non-radiative. Non radiative
recombination processes are generally due to the presence of defects that act as capture centres
for the carriers and do not lead to photon emission. On the contrary, the radiative recombination
processes lead to the emission of photons, giving rise the PL signal. The most important radiative

recombination processes in a direct band gap semiconductor are the following;:

o1



52 EXPERIMENTAL TECHNIQUES AND SETUP

e recombination of electron-hole pairs. If the recombination occurs between electron-hole in

the ground state, the photon energy is equal to the semiconductor band gap Ey;

o recombination of free excitons (see sec.1.3.2). In this case the emitted photon energy is
hv = E; — E, (4.1)

where E, is the exciton binding energy;

e recombination of bound excitons, that are localized excitons where one of the two carriers
is bound to an impurity (donor or acceptor). In this process the emitted photon energy is

lower with respect to the recombination of a free exciton:
hv = E;, — E, — Ey, (4.2)

where Ej, is the exciton binding energy to the impurity.
e recombination of bound carriers;

o phonon replicas of the various types of recombination listed above, that are due to radiative
recombination of carriers assisted by the emission of one or more longitudinal-optical (LO)
phonons to enable the conservation of the crystal momentum. These emissions are at lower
energies with respect to the main recombination and are equally spaced by an amount equals
to the LO phonon energy (hwro). Therefore, the energy of the n-th phonon replica (E,r0)
is given by

Enro = Ey — nhwro, (4.3)

where FEj is the energy of the main recombination and n is the number of phonons emitted

in the process.

4.2 Experimental setups

Now we describe the different experimental setups used to study the optical properties of the per-
ovskite samples. We performed time-integrated photoluminescence (TI-PL) and time-resolved
photoluminescence (TR-PL) experiments, varying several conditions (excitation energy, excita-
tion power, sample temperature, polarization). In all measurements the excitation source was
a laser, whose beam was focused to the sample by a lens or an objective. In the first case
(macro-PL experiments, see sec.4.2.1) the excitation spot was of the order of ~ 100 micron
diameter, while in the second case (micro-PL experiments, see sec.4.2.2) the spot was of ~1
micron diameter.

Concerning the TR-PL measurements, we used two different approaches:

o time-correlated single photon counting technique (TCSPC), described in sec. 4.2.4, to measure
the temporal evolution of the PL signal up to ~12 ns after the excitation. The time-resolution

of this technique with our setup is of about 60 ps;

e a streak camera, described in sec.4.2.5, that provides a time resolution up to few ps. This

detector allows to measure the evolution of the PL signal in the first ns after the excitation
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and to extract information also on the early dynamics (relaxation processes), discussed in

the previous section.

4.2.1 Macro-PL

A scheme of the setup used to perform macro-PL experiments is shown in Fig. 4.1. The excitation
source is provided by a continuous wave (CW) or a pulsed laser with an energy equals or greater
than the band gap energy E, of the investigated sample (E; ~ 1.5+ 1.7€eV for MAPI, E; ~2.3eV
for CsPbBr3). In case of a laser source with an energy E < E,, the beam is frequency-doubled
with non-linear crystals. A list of the different laser sources used for TI and TR macro-PL

experiments is shown in Tab.4.1.

Table 4.1: List of the laser source used for Tl and TR macro-PL experiments.

Wavelength
Laser Operating Mode Notes
(nm)
Diode laser MLL-I11-405 CwW 405
Thorlabs CPS520 cw 515
Thorlabs CPS532 cw 532

The laser is optically pumped by a Coher-
ent Antares Nd:YAG laser, whose beam

Dye Laser (Rhodamine 6G) 3 ps pulse; rep. rate 76 MHz 590-620 is frequency-doubled with a non-linear
lithium triborate (LBO) crystal.
Spectra Physics Ti:Sapphire 1.2 ps pulse; rep. rate 81.3 MHz 700-850 The laser is optically pumped by the sec-

ond harmonic of a CW Nd:YAG laser.

Frequency doubled Coherent

Antares Nd-YAG 100 ps pulse; rep. rate 76 MHz 532

The laser beam is focused by a lens on the sample, placed in a closed-cycle cold-finger helium

cryostat, whose temperature can be varied from 10 K to 300 K. The emitted light from the sample

is collimated and then focused on the entrance slit of a spectrometer (Acton Spectra Pro 25001),

Cryostat

that has a focus length of 50 cm.

Figure 4.1: Scheme of the experimental setup used for macro-PL measurements.
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The spectrally dispersed light is detected in two different ways:

o with an avalanche photodiode (APD) ID Quantique ID100-20 having an active area of 20 pm,

placed at the exit slit of the spectrometer;

» with a charge coupled detector (CCD) Andor DU420-BU, composed by a matrix of 1024 x 256

pixels, placed at the flat field exit of the spectrometer. The dimension of each pixel is 26 pm.

The spectral resolution of our macro-PL setup is of about 1 meV.

4.2.2 Micro-PL

In macro-PL setup, the laser beam is focused by a long focal length lens, thus the sample is
excited with a spot of the order of 100 pm diameter. As a consequence, the measured PL signal
is the average emission from a large area of the sample. On the contrary, micro-PL setup enables
us to excite the sample with a spot of only few microns, allowing us to investigate the emission
properties of single micro-structures.

A scheme of the micro-PL setup is shown in Fig.4.2. The excitation source is a mode-
locked femtosecond Ti:Sapphire laser (Spectra Physics Tsunami), pumped with a frequency
doubled CW Nd-YAG laser (Millennia, Spectra Physics). This laser emits pulses that have a
duration of ~200fs, at a 81.3 MHz repetition rate. The emission wavelength is tunable in the
range 700-850nm. To obtain an energy greater than the band gap of our samples the beam is
frequency-doubled by a non-linear Beta Borate (BBO) crystal. In addition, the sample can be
illuminated also with a white light; the reflected light is detected by a camera to acquire the
image of the sample.

In this apparatus we use a confocal geometry: the focalization of the laser and the collection

of the PL is obtained by an infinity corrected Mitutoyo objective (magnification 100 X, numerical
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Figure 4.2: Scheme of the experimental setup used for micro-PL measurements.
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aperture NA =0.7). The sample is kept in a low-vibration continuous cold-finger flow He cryo-
stat, which is mounted on a Physik Instrumente X-Y translation stage for scanning the sample
surface. The piezoelectric translation stage enable us to moved the sample with a step of about
100 nm; this allow us to acquire spatially resolved PL maps by moving the laser spot in different
points of the sample and acquiring the PL spectrum in each point.

The collected PL is then focused on the entrance slit of an Acton SP2300i spectrometer
(focal length 30 cm) and detected with a CCD or an APD, as for macro-PL experiment. In this
case we use a Si CCD Acton Pixis 100F, composed by a matrix of 1340x 100 pixels, and an
ID quantique ID100-MMF50 APD, with an active area of 50 pm. The spectral resolution is of
about 1 meV.

4.2.3 Polarization resolved measurements

In order to investigate the origin of the superlinear emission in MAPI perovskites (see sec.6.4)
we also performed micro-PL polarization resolved measurements.

In this kind of measurements before the entrance slit of the spectrometer an half-wave plate is
positioned, to rotate the polarization, in combination with a polariser, to select the polarization.
We acquire the PL spectrum of the sample as a function of the polarization angle. The principle
of this measure is shown in Fig. 4.3. Suppose that 6 is the polarization angle of the emitted light
with respect to the x axis and that « is the angle between the optical wave plate’s axis and
the x axis. Since an half-wave plate rotates the polarization of an angle that is twice the angle
between the input polarization and the optical wave plate’s axis, the polarization is rotated of
an angle 2(a-0) with respect the initial direction. Thus the polarization angle of the light after
the half-wave plate is 2a-0 with respect to the z axis. We can note that, if the half-wave plate

is rotated of an angle «, the polarization angle is rotated of an amount 2a.

()5 —_—
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Figure 4.3: a) Operating principle of an half-wave plate. EZ and Em“g are the polarization of the emitted light before
and after the half-wave plate, respectively. b) Polar diagram of an unpolarized (blue curve) and of a polarized (red
curve) signal. The polarization angle of the red signal is 30 ° with respect to the z axis.

Now we consider the polarizer. According to the Malus’law, if the polarizer is aligned along

the x axis, the light intensity after the polarizer is given by
I(a) = Iycos®(2a — 6), (4.4)

where Iy is the initial intensity. If 2a =6 we have the maximum intensity. To understand if

the emission is polarized or not, we plot the polar diagram, where the intensity is reported
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as a function of the polarization angle (Fig.4.3(b)). If the signal is unpolarized we obtain a
circumference (the intensity is constant), otherwise we obtain a curve that is “stretched” along

the polarization direction.

4.2.4 Time correlated single photon counting

In this section we describe the time-correlated single photon counting (TCSPC) technique, that
is extensively used in several fields besides spectroscopy to measure the temporal evolution of a
signal. We use this technique in macro-PL and in micro-PL experiments. The TCSPC technique
consists in the periodic excitation of the sample with a periodic pulse having a high repetition
rate and in the measurement of the time difference between the first detected photon and the
excitation pulse. Repeating the measure over multiple cycles of excitation and emission one
can reconstruct the temporal distribution of the emitted photons, as long as the single-photon

emission regime condition is satisfied. This technique is based to two assumption:
e the physical event that produces the photon emission is the same for each excitation pulse;
« the probability to detect one photon for each event is much less than one (~1072 +107%).

The second hypotheses is fundamental to reconstruct the temporal distribution of the emitted
photons and is satisfied only in single-photon detection regime. To maintain a photo-counting
regime the average count rate must be at least 100 times below the laser repetition rate. For
example, if we use a Ti:Sapphire laser (repetition rate 81.3 MHz), the count rate of the detector
(APD) should be less than ~ 8-10* counts for second.

The setup used for TCSPC measurements is shown in Fig.4.4. The first photon emitted
from the sample is detected with an APD, that produces an electric signal. The signal of the
APD is amplified and discriminated by a constant fraction (CFD) to obtain a logical pulse. On
the other hand, a reference signal of the excitation pulse is given by a photodiode or by an
electrical signal supplied directly by the laser. These pulses are passed together into a time-to-
amplitude converter (TAC), that produces a voltage signal proportional to the time difference
between these two signals. Finally, the output voltage of the TAC is passed into an analogue-to-
digital converter (ADC) and is analysed by a multichannel analyser (MCA), that reconstructs
the time histogram. It is worth noting that the START signal corresponds to the first emitted
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Figure 4.4: Experimental setup for TCSPC measurements. Inset: example of a laser temporal profile (Dye laser). The
temporal response for TCSPC apparatus is estimated as the FWHM of this curve.
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photon, while the STOP signal to the laser pulse. The reason of this “reverse configuration”
is that, as seen before, this technique reproduces correctly the PL temporal profile only if the
probability of detecting one photon for pulse is much less than one. As a consequence, by using
the “reverse configuration”, TAC produces a voltage only when a photon is detected. In our
setup the temporal resolution of this experimental apparatus is of about ~ 60 ps, as shown in
the inset of Fig. 4.4, where an example of a laser temporal profile is reported.

If carriers recombine in a temporal scale that is comparable or higher than the period between
two pulses, PL decay signal does not exhaust completely in one period. As a consequence,
a pedestal is formed before PL rise due to carriers that recombine at longer time than the
repetition period. The pedestal can be seen as an estimate of the stationary population in the
radiative states and help us to understand the charge recombination dynamics on CsPbBrsg NCs

in presence of surface states (see Chap. 7).

4.2.5 Streak camera

To obtain a better time resolution with respect to the TCSPC technique we used a streak camera
(Hamamatsu C5680) in macro TR-PL experiments, that allow us to acquire simultaneously the
spectral and the temporal evolution of the PL signal. The streak camera is placed at the flat
field exit of the spectrometer, as well as the CCD, and the sample is excited with a Ti:Sapphire
laser (see Tab.4.1).

The operating principle of a streak camera, that can be defined an “optical oscilloscope”; is

shown in Fig.4.5. Photons emitted from the sample are spectrally dispersed by the spectrome-
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Figure 4.5: Operating principle of a streak camera.

ter and reach the entrance slit of the streak camera in different horizontal positions, depending
on their energy. A photocathode converts photons into photoelectrons, that are accelerated
towards two horizontal sweep electrodes, where an oscillating voltage is applied. This voltage is
synchronous (in frequency and phase) with the excitation laser. As a consequence, photoelec-
trons generated at different times are deflected in different vertical positions from top to bottom.
Subsequently, the deflected photoelectrons are multiplied by a micro-channel plate (MCP) in-
tensifier and then reach the phosphor screen, where they are converted back into light. This
light is finally detected by a CCD camera, composed by 768 x572 pixels. A two dimensional

image is generated, where the energy/wavelength is in the horizontal direction, while the time
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in the vertical direction (from top to bottom).

Our streak camera presents four temporal scales, that correspond to different deflection
velocities of the sweep electrodes. Moreover, the streak camera can be also used in focus mode: in
this case a time integrated PL spectra is acquired, without a temporal information. The temporal
resolution of the streak camera depends to the temporal scale used during the measurement, as
shown in Tab. 4.2.

Table 4.2: Temporal dispersion, temporal resolution and the factors that limit the resolution for the 4 temporal scales
of the streak camera used in TR-PL experiments. The resolution is evaluated as the FWHM of the laser temporal
profile.

Dispersion Resolution

Temporal Scale Limiting factors
(ps/px) (ps)
1 0.26 5 Asynchronism between the detector and the excitation source.
2 1.42 15 Image spatial dimension.
3 2.44 25 Image spatial dimension.
4 3.7 40 Image spatial dimension.




§5§ Graphene-based ETL: a step-up for an effi-
cient carrier collection

As discussed in sec. 3.1.2, graphene and GRMs have a positive impact in PSCs, both in the device
performance than in the long-term stability. In this context, we carried out a collaboration with
Prof. Aldo di Carlo group’s of the Centre for Hybrid and Organic Solar Energy (CHOSE) of
University of Rome Tor Vergata in order to better understand why the use of graphene-based
ETL in MAPI PSCs improve the performance of the device. We obtained a strict correlation
between the morphology of MAPI film, electron collection efficiency and the PCE.

5.1 Description of the samples

Four photoelectrodes are prepared by Aldo di Carlo’s group of the CHOSE using different com-
bination of mesoporous ETL: mesoporous TiOg (mTiO3), graphene-doped mTiOy (G+mTiOs),
mTiOy plus lithium-neutralized graphene oxide (GO-Li) interlayer, G+mTiO2 plus GO-Li in-
terlayer. The different samples are shown in Fig. 5.1 and listed in Tab. 5.1. For clear comparison

a sample of MAPI film on FTO glass without ETL (reference sample) was also investigated.

~ Glass/FTO - Glass/FTO
. cTiO, , - e cTiO,
£ hTio, ' w8ee e GrmTio,
Perovskite s Perovskite
Glass/FTO ey Glass/FTO
cTiO, S— cTiO,
> mTio, f%ggé G+mTiO,
> GO-Li +37 GO-Li
Perovskite Perovskite

Glass/FTO

Reference

Figure 5.1: Structure of the investigated samples. The mesoporous ETLs are indicated in red.

Solar cell photoelectrodes were prepared on FTO conductive glass. The substrates were
cleaned in an ultrasonic bath, using three sequential steps: detergent with de-ionized water,
acetone and 2-Propanol (10 min for each step). FTO was then covered by a compact layer of

Table 5.1: List of the investigated samples and description of their corresponding ETLs.

Sample ETL
Reference No ETL

ETL1 mTiO2

ETL2 G+mTiOq

ETL3 mTiO2 plus GO-Li
ETL4 G+mTiO2 plus GO-Li

99
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TiOy (cTiOg), deposited by spray pyrolysis deposition at 450°C. The final thickness of the
cTiO4 layer was of about 50 nm.

The mTiO2 layer was obtained starting by an ethanol solution of 18NR-T titania paste
dissolved in pure ethanol (1:5 by weight), stirred overnight, and eventually doped with graphene
by adding sonicated graphene ink (1% in vol.), prepared as reported in Ref. [296]. Both standard
mTiOs and G+mTiO9 dispersions were deposited by spin-coating onto the ¢TiO9 surface.

The GO-Li interlayer was realized by spin coating (2000 rpm for 10s) 200 pL of GO-Li disper-
sion in ethanol/H2O (3:1), prepared as reported in Ref. [303], on sintered mTiOy (or G+mTiO2).
After the deposition, the substrates were annealed at 110°C for 10 min.

The photoelectrodes were completed by depositing the perovskite active layer in dry condi-
tions (relative humidity less than 30%) by a double-step method: a lead iodide solution (Pbls
in DMF, heated at 70°C) was spin coated at 6000 rpm for 10s on heated substrates (50°C),
which were then dipped into a MAI in anhydrous 2-Propanol solution for 15min. Finally, the
samples were heated at 80 °C for 20 min in air. The MAPI absorbing layer has a typical thick-
ness of 350nm. Since the ETL presents a mesoporous regions of about 200 nm the perovskite
nanocrystals penetrate in this layer.

It is worth noting that all the samples prepared for PL measurements are simple photoelec-
trodes, lacking of the HTL and the bottom contact: this allows us to focus only on the electron

collection and transport.

5.2 PL at room temperature

In this section we present macro-PL measurements at room temperature (T =300 K), that allow
us to extract the electron collection efficiency for the different ETLs. The photoelectrodes were
excited with the Dye laser (see Tab.4.1), with an excitation energy of 2.06eV and an average
intensity Io=10W/cm?. PL measurements were carried out exciting the samples either on
the perovskite film side (side A) or the FTO side (side B). The two excitation conditions are
remarkably different. Indeed, because MAPI absorption length (1/«) at about 2¢eV is roughly
150 nm [7] (see Fig.1.9(b)) and the thickness of MAPI film was of about 350 nm, by exciting
from side A we probed only the perovskite overlayer and no effect related to the presence of
ETL was detected. On the contrary, taking into account that FTO and TiOs have a negligible
absorption, exciting from side B we probed the MAPI layer embedded into the ETL.

PL spectra at room temperature (Fig.5.2) show a single band, centered of about 1.6€V,
for all the samples and irrespective of the excitation side: no spectral difference are observed
from the different samples. This band corresponds to the radiative emission from the tetragonal
phase of MAPI, as usually observed at room temperature [103,105,106]. However, as shown
in Fig.5.2(c), a significant reduction of the PL intensity is observed exciting from side B in
presence of ETL, that can be ascribed to a carriers removal from MAPI layer towards the ETL.

On the contrary, PL decays depend on the excitation side, as shown in Fig. 5.3. By exciting
from side A (Fig.5.3(a)) PL decays are identical for all samples: no effect related to the pres-
ence of ETL is detected, since the excitation is provided only to the perovskite overlayer (not
embedded in the ETL). In contrast, there is a significant difference in the PL decays by exciting

from side B depending on the sample, as shown in Fig.5.3(b): faster decays are observed in
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presence of ETL, especially when graphene and/or GO-Li are used. It is worth noting that the
PL decay of the reference sample excited from side B is slower with respect to the decays of side
A. This can be attributed to non-radiative states at the surface of the uncovered perovskite film
(side A).

To extract information about the efficiency in the carrier injection from perovskite to ETL,
we first fitted the decays of Fig. 5.3(b) with a double exponential [322], taking into account the

laser pulse repetition period [323]. We used the following fitting function I(¢)
I(t) = f(t) + g(t) (5.1)

where f(t) is the original double exponential and ¢(t) the correction term due to the intrinsic

periodic nature of TCSCP measurements [323]:

F(t) = 0(t — to)[Ce 10T 4 (1 — O)e=(tt0)/m] (5.2)
ef(tfto)/ﬂ'l e*(t*to)/Tz
g(t) = C eT/Tl _ 1 + (1 - eT/Tz — 1 . (53)

In the previous equations 6(t) is the Heaviside step function, 7, and 7o are the decay time
constants, 7' is the laser pulse repetition period (13.15ns), C'is the contribution of 71 exponential
to the fit and #g is a constant, which accounts for a time translation. An example of fit according
to the Eqn.5.1 is shown in the inset of Fig.5.3(b) and the results obtained by this fitting

procedure are reported in Tab.5.2. Inserting graphene-based ETLs in the samples reduces 7



62 GRAPHENE-BASED ETL: A STEP-UP FOR AN EFFICIENT CARRIER COLLECTION

1 1F

2 2 {
‘D N7p)
5 3
= =
1 1
o T ||,
-§ : ——ETL1 E E
= ——ETL 2 = z ——ETL2
201- ——FETL3 | 201 E ——ETL3 |
S ——ETL 4 S IHE ens ——ETL4
= Reference = L Reference

. [ Exp. Time Resolution . eTime [ Exp. Time Res. ]

Ins . Ins .
Time Time

Figure 5.3: PL decays (at the PL peak energy) at room temperature, after ps excitation at 2.06 eV with an average
intensity of 10W/cm?. a) From side A. b) From side B. Inset: Example of fit for the PL decay of ETL 4 according to
Eqn.5.1.

from 25ns to 15ns, while the reduction of 7 depends on the ETL. In the literature [322], the
longer decay constant (71) is ascribed to the radiative recombination in MAPI, while the shorter
decay constant can be attributed to the carrier removal from MAPI layer towards the ETL.
Thus, faster decays mean a better carrier injection from perovskite towards ETL.

To get rid the local inhomogeneities of the samples, which can give rise a variation of the TI-
PL intensity, and considering that the PL time evolution does not depend on the detection spot,
we evaluated the time-integrated PL intensity (Ipy,) from the PL decay and then we estimated
the radiative efficiency (7) since

Ipr, =P, (5.4)

where P is the pump intensity, equals to 10 W /cm? for all the TR-PL measurements. Assuming
an unitary radiative efficiency for the reference sample (MAPI without ETL), we evaluated the
change in 7 for the different ETLs (see Tab.5.2). Lower 7 is obtained in case of ETLs 2, 3 and
4: thus the insertion of graphene and/or GO-Li interlayer improves the electron capture from
perovskite to ETL by a factor between two and three with respect to the mTiO9 ETL. We want
to remark that this result does not necessarily imply an increase of the Jgo of the PSC of the
same amount. Indeed hole collection by the HTL [324] and non-radiative recombination in the
ETL have to be taken into account. However, as shown in sec. 5.6, a significant increase of Jg¢
is measured for complete cell when ETL 4 is used.

Although room temperature PL measurements bring evidence of a better electron collection

Table 5.2: Results of the fits of data of Fig.5.3(b).

Sample 71 (£ 1ns) 72 (£0.10ns) C (£0.03) n (£0.03)

Reference 25 - 1.00 1.00
ETL1 25 2.05 0.43 0.48
ETL2 15 1.99 0.36 0.27
ETL3 15 1.24 0.20 0.16

ETL4 15 1.30 0.34 0.24
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in graphene-based ETLs, they did not provide any information about the crystalline quality of
MAPI film embedded in the different ETLs. For this reason, we performed also PL measurements

as a function of temperature, excitation wavelength and excitation power.

5.3 PL measurements at low temperature

In Fig.5.4 PL spectra at low temperature (T =11 K) for the different photoelectrodes are re-
ported. By exciting from side A (Fig.5.4(a)) there are not spectral differences between the
emission of the samples also at low temperature. Indeed, as discussed in the previous section,
the emission exciting from side A comes mostly from the MAPI film and no effect related to the
presence of the ETL is detected. PL spectra of Fig.5.4(a) show two peaks, as usually reported
for temperatures below 150 K in MAPI perovskites [105,106]. The high energy band, centered at
about 1.65¢€V, is attributed to the orthorhombic phase of MAPI. But the major contribution to
the spectra comes from the low energy band, centred at about 1.55eV. As discussed in sec. 1.3.2,

this emission band is likely due to the sum of two contributions:

e the radiative recombination arising from the residual tetragonal phase at 1.56eV. In fact
tetragonal inclusions in the orthorhombic phase of MAPI at low temperature can remain
[156,157];

o the radiative recombination from localized states below 1.52€V, that are identified with ra-
diative traps [108,116,158] or, recently, to methylammonium-disordered domains in the or-
thorhombic phase of MAPI [103].

On the contrary, the excitation from side B (Fig. 5.4(b)) reveals the effect of the ETL. First of
all, we observe a smaller contribution of the orthorhombic phase for all the samples with respect
to the excitation from side A. Moreover, in the case of GO-Li plus G+mTiO9 as ETL (ETL4),
we detect a strong reduction of the radiative traps at 1.52 eV and the dominance of the emission
from the tetragonal phase at 1.56 eV. Such results suggest that an incomplete phase transition
occurs for the perovskite wrapped into the mesoporous ETL layer. In particular, in the case of
ETL 4, where the PL lineshape shows a negligible low energy tail and a smaller linewidth with
respect to the other samples, we can argue that the crystallization of the MAPI film is very
good. The better crystalline quality of MAPI film in case of ETL 4 is confirmed by SEM images

a)

—ETL1

Figure 5.4:  TI-PL spectra
at 11K for the various sam-
ples after excitation at 2.06 eV

; ; ' ' : : ; ' : with an average intensity of
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Figure 5.5: SEM images of the perovskite surface of the different samples.

(Fig.5.5) of the perovskite surface: crystal size and shape regularity seems to be enhanced by
both the addition of graphene in the mTiO3 layer and the interposition of GO-Li interlayer.

A further evidence proving the good quality of MAPI layer in ETL 4 comes from power
dependent measurements at low temperature (Fig.5.6). Decreasing the excitation intensity
by one order of magnitude, the emission from side B in ETL 4 changes completely, showing
a spectrum (blue curve) similar to the side A (red curve), with the dominant contribution of
the traps and a small signal from the orthorhombic phase. This is explained by the fact that,
lowering the power density, only the trap energy levels close to the band gap tail are filled. In
addition, the PL spectrum of the ETL 4, obtained by exciting from side B with an intensity of
Iy/10, is very similar to the spectra of the ETLs 1, 2 and 3 by exciting from side B with an
higher intensity Iy (Fig.5.4(c)). This means that the trap density in the mesoporous region of
MAPI in ETL4 is lower, of about one order of magnitude, with respect to the other samples.
Moreover, in case of ETL4 excited from side B we observe a single band, that correspond to
the tetragonal phase emission. This suggest that the interaction between graphene and MAPI

inhibits the phase transition from tetragonal to orthorhombic, probably due to the mechanical
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Figure 5.6: Normalized PL spectra of ETL4 at 11K, for different average excitation intensities and excitation sides
(in brackets).
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5.4. Temperature dependent PL measurements

stress of perovskite lattice induced by graphene [325,326]. This hypothesis is confirmed by

temperature dependent measurements, reported in the following section.

5.4 Temperature dependent PL measurements

In Fig. 5.7(a) we report the emission spectra of ETL 4 exciting from side A, varying the sample
temperature from 10 to 300 K. As already shown in the previous section, at low temperature we
observe two bands, one at 1.65 €V, corresponding to the orthorhombic phase, and one at about
1.55 eV, corresponding to the sum of the emission from optically active trap states and from a
residual tetragonal phase. As expected in MAPI perovskites [103,105,116,117], increasing the
temperature, the orthorhombic phase emission shifts at higher energy (see Fig.5.8(a)), showing
a monotonic increase of its FWHM (see Fig.5.8(b)), and it disappears above 150 K, where the
phase transition of MAPI from orthorhombic to tetragonal phase occurs [79].

By increasing the temperature, the low energy band shows instead an S shape both in the
peak emission energy (see Fig.5.8(a)) and its FWHM (see Fig.5.8(b)). Moreover, the spectrally
integrated PL intensity has an enhancement around 150 K, as shown in Fig. 5.8(c). These trends
are commonly observed in MAPI in presence of phase transition from orthorhombic to tetragonal
phase, with the concurrent lower contribution of the radiative traps [103,108]. Above 150 K the
PL spectrum has only one peak, arising from the tetragonal phase emission, which continues to
monotonically blue shift increasing the temperature.

The FWHM of the PL bands as a function of temperature can be fitted taking into account
the temperature-independent inhomogeneous broadening and the interaction between carriers

and acoustic and longitudinal optical (LO) phonons [103,117], using the following equation:

YLO

[(T) =T + YacT + “Fro/ksT _ 1’

(5.5)

where I'g is the inhomogeneous broadening, v,. and 71,0 are the acoustic and LO phonon-carrier
coupling strengths, respectively, and Fr,o is the LO phonon energy. We fitted the FWHM data
extracted from the PL spectra of Fig. 5.7(a) (excitation from side A), considering the orthorhom-
bic phase from 10 K to 150 K and the tetragonal phase from 150 K up to room temperature. The

solid line in Fig. 5.8(b) shows the best fitting curve and the corresponding fitting parameters are
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Figure 5.8: Analysis of the temperature-dependent measurement performed on ETL 4 (Fig.5.7). a) Position of the PL
peaks of the spectra in Fig.5.7 as a function of temperature. The excitation side is indicated in brackets. b) FWHM
of the PL peaks of Fig.5.7 as a function of temperature. The excitation side is indicated in brackets. Red solid line
shows the fitting of FWHM through Eqn.5.5. c) Spectrally integrated PL intensity as a function of temperature for
ETL 4 after excitation from side A and B.

reported in Tab.5.3: these values well agree with data in the literature [103,117]. It is worth
noting that we fit the FWHM evolution of orthorhombic and tetragonal phase together with a
single function: thus the acoustic and optical phonons causing the PL line broadening have very
similar energies for the two phases.

Table 5.3: Results of the fit of the temperature FWHM evolution (Fig.5.7(b)) according to Eqn. 5.5.

To (23 £ 1) meV
Yac (30 £5) peV/K
YLO (75 + 5) meV
Ero (19 £ 1) meV

Apart from different relative weights of the emission bands, a very similar trend with tem-
perature, as shown in Fig. 5.7(a) for ETL4, is found for ETL 1, 2 and 3 for both the excitation
sides. On the contrary, relevant differences are observed in case of ETL4 exciting from side
B (Fig.5.7(b)).
sponding to the tetragonal phase, with a monotonic increase of the emission energy and FWHM.
Moreover, no PL enhancement is observed. These trends indicate that the MAPI film embedded

By increasing the temperature, the PL spectrum shows a single band, corre-

in the mesoporous ETL side is frozen in the tetragonal phase even down to 10 K.

5.5 PL measurements versus excitation energy

To confirm that the crystalline nature of MAPI film changes when it is in contact with the ETL,
in particular in presence of G4+mTiOy plus GO-Li, we probed ETL4 along the thickness by
varying the excitation photon energies, i.e. the absorption length. We spanned the range from
1.73 to 3.1eV, where FTO and cTiO2 have a low and nearly constant absorption. PL spectra
at low temperature as a function of excitation energy are reported in Fig.5.9. Let us focus on
side B. At high photon energy excitation, 3.1eV (blue curve) and 2.06 €V (orange curve), MAPI
is excited for a few tens of nanometers close to the ETL and, as already observed above, the
spectra show only the tetragonal phase, although the only stable phase of MAPI below 150K is

the orthorhombic one. Decreasing the excitation photon energy down to 1.73 eV, the absorption
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coefficient of MAPI decreases (see Fig. 1.9(a)) and therefore the sample is excited more uniformly
in depth. In this case the PL spectrum (red curve) shows an increase of the contribution of the
orthorhombic phase and, if compared with a spectrum from side A (excitation of 2.06 ¢V), shows
exactly the same contribution from the radiative traps and the tetragonal phase. Therefore, it
is the interaction between MAPI and ETL that inhibits the phase transition at low temperature
and improves the crystalline quality of MAPI active layer.
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Figure 5.9: Normalized PL spectra of ETL4 at T=11K for different excitation photon energies and excitation sides
(in brackets).

5.6 J-V characterization

Through macro-PL measurements we demonstrated a substantial improvement of the active
layer morphology in G+mTiOg plus GO-Li ETL (ETL4) with an efficient carrier capture from
the ETL. These results are supported by an enhancement in the performance for the complete
device, obtained by adding Spiro-OMeTAD as HTL and Au as bottom contact.

Indeed J-V characterization (Fig.5.10) performed by Aldo di Carlo’s group shows a remark-
able increase in the PCE for ETL 4, which is mainly ascribed to an improved Jg. (see Tab.5.4).
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Figure 5.10: J-V characteristics of tested devices employing different ETLs under 1 SUN illumination.

The higher Jy. stems from an improved electron charge transfer from perovskite to graphene-
based ETL. We exclude that the increase of the Jy. of the solar cells with graphene-based ETLs

is due to an increase of the absorption in the active layer, because the absorbance spectra are
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very similar for all the photoelectrodes.

Table 5.4: Electrical parameters of the tested devices extracted by the J-V characteristics of Fig.5.10: Voc = open
circuit voltage, Jsc = short circuit current density, FF =fill factor, PCE = photovoltaic conversion efficiency.

Device Voc (V) Jsc (mAcm™2)  FF (%) PCE (%)
ETL1 1.038 -19.74 71.4 14.6
ETL2 1.041 -20.99 73.2 16.0
ETL3 1.029 -22.51 65.5 15.2

ETL4 1.031 -22.85 68.9 16.2




§6§ Superlinear emission in MAPI perovskites

In this chapter we discuss the physical origin of the superlinear emission in MAPI perovskites
with different morphology. All samples were provided us by the Dr. Alexander Weber Bargioni’s
group of the Molecular Foundry National Laboratory of Berkeley. We performed micro-PL
measurements at low temperature (T'=10K) as a function of the excitation power (sec.6.2),
spatial PL maps (sec. 6.3) and polarization resolved measurements (sec. 6.4), that allowed us to

correlate the features of the superlinear emission to the sample morphology.

6.1 Description of the samples

MAPI bare film (BF) and microwires (MWRs) were grew on quartz substrates.

MAPI film was synthesize with a double-step deposition method (see sec. 2.1). Instead MAPI
MWRs were realized with the dissolution-recrystallization method (see sec.2.1), following the
procedure reported in Ref. [66]. A lead acetate (PbAcy) film was prepared by drop-casting a
solution (100mgml~!) of lead acetate trihydrate (PbAce-3H20) /DMSO on a quartz substrate
treated with oxygen plasma, that was then annealed at 60 °C on a hot plate for 30 min to evapo-
rate the solvent. The PbAcs film was then immersed in 2 ml of MAI/IPA solution (concentration
30mgml~!) at room temperature for ~24h in a nitrogen glove box to grow the MWRs. After
the reaction, the sample was rinsed with IPA to remove the residual salt on the film, and then

dried under a stream of nitrogen flow.

In Fig. 6.1 typical SNOM maps with the height profile for the BF and for a single MRW are
reported. We can see that in the BF the spatial scale of the roughness is of tens of nm, while

the MWR shows an homogeneous thickness.
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6.2 Power dependent PL measurements

In this section we present the power dependent micro-PL measurements at 10 K under pulsed
excitation at 3.1eV exciting with the II harmonic of the Ti:Sapphire laser. In Fig. 6.2, typical
micro-PL spectra at 10K for the BF and the MWR at low excitation density are reported.
PL spectra of Fig.6.2 show two emission bands for both samples: the high emission band
corresponds to the radiative recombination from the orthorhombic phase of MAPI, while the
low energy band arises from recombination of residual tetragonal inclusions in the orthorhombic
phase [105,106,156,157]. The relative weight of the two bands changes depending on the selected

region of the samples.
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Figure 6.2: PL spectra at 10K for the BF (a) and of a MWR (b) under pulsed excitation at 3.1eV, with a excitation
density of 780 uJ cm™2 and 38 1) cm ™2, respectively.

Increasing the excitation power (Fig. 6.3(a-b)), PL spectra change in different ways depending
on the sample morphology: in the disordered film there is the appearance of multimodal emission
(Fig.6.3(a)), while the MWRs show a spectral narrowing (Fig.6.3(b)) with the growth of one
or few modes depending on the micro-structure. In addition, we observed a superlinear increase
of the PL intensity for both the samples when the excitation density exceeds ~3.5mJcm™2 for
the BF and ~ 70 #J cm ™2 in the MWR. It is worth noting that the superlinear regime occurs at
higher density (of about two order of magnitude) in the disordered structure. In Fig. 6.3(c-d) the
power dependence of the PL intensity for the BF and the MWR are reported. We separated the
contribution of the narrow peak(s) (superlinear emission, SE) from the behaviour of the broad
PL band (spontaneous emission, SPE). We found a slightly sublinear trend (I o< P, a<1) for
the SPE, while a superlinear trend is observed for the narrow peak(s) followed by a saturation.

A further signature of the SE comes from the temporal evolution of the PL signal, as shown
in Fig. 6.3(e), where the PL decay of the SE and SPE signals for the MWR are reported: a faster
decay occurs in case of SE. In particular, it clearly appears that the SE occurs only in the first
few tens of ps and the longer decay time comes from the residual SPE signal. A similar trend
was observed for the BF.

6.3 Spatial PL maps

In order to investigate the homogeneity of the emission in both the samples we performed
spatial resolved PL maps. In the bare film the SE is quite homogeneous, with differences in

the PL spectra concerning the pseudo-mode distribution. On the contrary, for the microwire,
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Figure 6.3: Power dependent micro-PL measurements. a) PL spectra as a function of the excitation power for the
BF. lp corresponds to an excitation density of 780 uJ cm™2 b) PL spectra as a function of the excitation power for the
MWR. lo correspond to an excitation density of 38 uJcm™2. c) PL intensity as a function of the excitation density for
the BF. d) PL intensity as a function of the excitation density for the MWR. e) PL decay for the SE and SPE signal
for the MWR after excitation with 0.2 ps pulse.

o
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PL emission under high excitation condition is strongly dependent on the position, as shown
in Fig.6.4(b). In Fig.6.4(c-d) we report micro-PL spectra collected in two different points of
the MWR at the same excitation density (197 uJ cm~2): the spectra of point A shows a narrow
peak, while the spectra of point B is similar to the spectra in low density regime (see Fig. 6.2(b)).

The distribution of the SPE and SE emission in the MWR, are remarkably different, as
shown in Fig.6.4(a) and Fig.6.4(b), where the integrated micro-PL maps for the two emissions
are reported. These maps were obtained by integrating PL maps in a narrow spectral region
(2meV), centered at the peak of Fig6.4(c) (for the SE) and far from it (for the SPE). These
maps bring evidence that, in the MWR, SE comes from specific regions of the samples, whereas
the SPE is more uniformly distributed in the MWR. For the BF, differences in the spectra
are observed concerning the pseudo-mode distribution and the onset value of the superlinear
emission. In the MWR sample the SE comes from hot spots in the sample (region A) as
shown in Fig. 6.4(b), while the SPE corresponds to the broad pedestal, more easily observed in
Fig.6.4(d) where the signal is collected from region B.

Quite puzzling is presently the origin of the hot spots which possibly are related to dif-
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Figure 6.4: a) Integrated PL map of the SPE (from 1.639 to 1.645¢€V). b) Integrated PL map of the SE (from 1.635
to 1.637eV). c) PL spectra from point A. d) PL spectra from point B.

fusion/localization centers: in fact diffusion will be of help in the PL signal extraction given
our experimental setup where illumination/detection occurs in the direction orthogonal to the
sample plane, but exciton localization will provide a favourable condition for light amplification.
Since we do not have any evidence of significant inhomogeneity in the spectrum and intensity
of the SPE, it is unlikely that hot spots are related to the presence of localized non-radiative

centers. Indeed they will play a role also in the low excitation regime.

6.4 Polarization resolved measurements

In order to clarify the origin of the SE we performed polarization-resolved measurements, shown
in Fig.6.5. The polar diagram, i.e. the PL intensity as a function of the polarization angle, for
the BF (Fig.6.5(a)) does not show any difference between the low and high excitation regime:
the emission turns out to be unpolarized in both cases at fixed energies in the spectrum; in
particular we analysed the polarization at the energies where narrow peaks appear at higher
excitation density. On the contrary, a strong polarization (~80%) is detected for the SE in
the MWR sample, whereas the SPE is unpolarized (Fig.6.5(b)). Moreover, a cross-polarization
is observed in case of two modes and the polarization axis are strongly correlated with the
geometry of the micro-crystal (see Fig. 6.5(c-d)).

We performed also TR-PL measurements as a function of the polarization in the MWR
sample (Fig.6.6). In Fig.6.6(a), PL spectra, under high excitation density (200 uJcm~2), at
the maximum/minimum polarization angles together with an image of the selected MWR are
reported. Also in this case, the polarization direction is correlated to the geometry of the
micro-crystal. In Fig.6.6(b) PL decay at the PL energy peak of Fig.6.6(a) are reported: a
strong dependence to the polarization angle is found. When the PL intensity is maximum, PL
decay have a fast decay rate followed by a slow decay rate due to the residual SPE signal, as
already observed in Fig. 6.3(e). On the contrary, by choosing the orthogonal polarization (176°),
we observe only the slow decay rate. In low density condition, no differences between the PL

decays are observed by varying the polarization angle.

6.5 Conclusions

The experimental results discussed in this chapter allowed us to distinguish the nature of the

SE in the BF and in the micro-structures. The lack of polarization and the multimodal features
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Figure 6.5: a) Polar diagram of the polarization of SE and SPE for the BF. b) Polar diagram of the polarization of
SPE and A,B modes for the MWR. c) Image of the MWR analyzed. The polariser at 0° is aligned along the x axis. d)
PL spectra of the MWR in the superlinear regime at two different polarization angles. In the inset there is a zoom of

the two modes A and B.
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Figure 6.6: a) PL spectra in the superlinear regime at at two different polarization angles for the MWR shown in the
inset. b) PL decays (at the PL energy peak) at the two different polarization angles.

of the emission suggest that the SE in disordered films comes from an amplified spontaneous
emission (ASE), as commonly observed in random lasers [327]: each pseudo-mode corresponds
to a specific path of the emitted photon. On the contrary, the strong polarization of the PL
signal in MWRs can be seen as a true lasing, where the microcrystal acts as an optical cavity,
delimited by the crystal surface. The effectiveness of the cavity in the MWR, shows up in the
reduced threshold for the superlinear signal with respect to the BF.



§78§ Surface states in CsPbBr; nanocrystals

In a semiconductor, the surface represents a break in the periodic crystal potential and thus it
introduces new localized states, which in some sense behave like defect states. Surface states
significantly affect the photoexcited carriers dynamics since they usually act as non-radiative
recombination centres, which can efficiently capture carriers. Eventually, these trapped carriers
can be released by thermal activation. The contribution of these surface states is particularly

important in semiconductor NCs and QDs due to the larger surface-to-volume ratio.

In this chapter, we discuss experimental results about the carrier recombination dynamics in
a thin nanocrystalline film of CsPbBrs, showing the relevant role of the surface states. This work
was done in collaboration with Dr. Stefano Caporali’s group at the Department of Industrial
Engineering and the Department of Chemistry of the University of Florence, that prepared the
sample. First of all, we describe the investigated sample (sec.7.1), then we present macro-PL
measurements (TI and TR) at low temperature (sec. 7.2) and finally the PL measurements as a

function of temperature (sec.7.3).

7.1 Description of the sample

The investigated sample was a nanocrystalline film of CsPbBrs, deposited by drop-casting on a

glass substrate.

CsPbBr3 NCs solution was prepared with the hot injection method (see sec. 2.2), following
the synthesis protocol of Protesescu et al. [18]. Caesium carbonate (CsaCOs3, 0.1g) was loaded
into 100 mL two-neck flask along with octadecene (ODE, 30 mL) and oleic acid (OA, 2.5 mL),
dried for 1h at 120°C, and then heated under Ny flux to 150°C until all CsoCOj3 reacted
with OA. ODE (5mL) and PbBry (0.069g) were loaded into 25 mL two-neck flask and dried
under vacuum for 1h at 120°C. Dried oleylamine (OLA, 0.5ml) and dried OA (0.5 mL) were
injected at 120 °C under Ny flux. After complete solubilization of a PbBry salt, the temperature
was raised to 150°C for tuning the NCs size. Cs-oleate solution (0.4 mL in ODE, prepared as
described above) was pre-heated to 100 °C and then quickly injected. The obtained suspension
was centrifuged and the supernatant removed. Then, the precipitate was washed with toluene
and re-centrifuged another time. The new precipitate was dispersed in toluene forming long-term
colloidal stable dispersion and deposited by drop-cast on a glass substrate. Finally, CsPbBrj
was covered by a metallic deposition of Pd/Au of about 10 nm to avoid the interaction with the
environment. Dr. Stefano Caporali’s chemistry group performed XRD analysis, which indicates
only small traces of spurious phases (CsBr and PbBrs), while the CsPbBr3 orthorhombic phase

dominates.

In Fig. 7.1 an optical microscope image of the drop-cast CsPbBrs film is shown before the
gold deposition. We can see that the sample is composed by NCs of different size, even though

it was not possible to estimate the size distribution of NCs.
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Figure 7.1: Optical microscope image of a CsPbBrs drop-casting film.

7.2 PL measurements at low temperature

In Fig. 7.2(a) typical PL spectra at low temperature (T =11K) of different regions of the sample
(laser spot ~ 100 pm diameter) under CW excitation at 3.06 €V are reported: multiple bands are
observed. We can see that the relative weight of each band changes when the excitation spot
is moved on the sample over an area of a few mm? due to the intrinsic inhomogeneity of the
drop-cast deposition. In addition, the FWHM of each band is of about 20 meV, indicating the
good quality of the sample [328]. Power dependent measurements show a linear dependence of
the spectrally integrated PL intensity of each band on the excitation intensity (see Fig.7.2(c)),
indicating that the radiative recombination arises from excitons [329], in agreement with previous
reports [330,331].

In order to identify the origin of the various bands we compare (Fig.7.2(b)) the PL spectra
of this sample (DC) with the PL spectra of a long (> 500 m) CsPbBrs bulk crystal (CR). The
PL bands are all at higher energies with respect to the bulk emission, and, therefore, given the
morphology of this sample, we can assume that these bands originate from quantum confinement
of excitons in CsPbBrs NCs [107,120,189,190].

To estimate the NCs size we modelled our NCs as cubic QDs (3D confinement) surrounded

by an infinite potential barrier for the carriers. The size L is thus obtained through the following
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Figure 7.2: a) Normalized PL spectra at T=11K in different regions of the sample (1, 2, 3) after CW excitation
at 3.06 eV with an excitation intensity of about 10 W cm™2. b) Comparison between a normalized PL spectra of the
sample (DC) and a normalized PL spectra of a bulk CsPbBrs crystal (CR). c) Integrated PL intensity as a function of

the excitation intensity for each PL band of the DC sample.
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3m2h2
L= m, Econg = Eem — Ecr + Ey (7.1)

where p* is the reduced effective mass and E.,,f the confinement energy, obtained from the

relation:

difference between the emission energy (Ee;,) of the PL bands and that of the bulk crystal
(Ecr), plus the exciton binding energy (E, =40meV for CsPbBrs [18]). By using the Eqn. 7.1
we estimate NCs size of 16, 10, 9.0 and 7.5 nm for the bands A, B, C and D, respectively. It is not
clear the reason for which we see this specific tail distribution of nanocrystals. Unfortunately,
we did not have any high resolution images of the sample to obtain the size distribution of the
NCs in this sample.

In order to study the recombination dynamics in this sample, we also performed TR-PL
measurements under ps excitation at 3.35 eV with the frequency-doubled Ti:Sapphire laser, using
the TCSPC technique to detect the signal. In Fig.7.3(a) PL decays at 11K for the different
PL bands are reported. We can note that PL decays at the peak energy of each band cannot
be reproduced by a single exponential, as usually observed in CsPbBr3 NCs with a distribution
of traps; the slow decay component is related to the trap dynamics [155]. Moreover, there is a
clear slowing down of the PL time evolution when the energy decreases. In other words, the PL

dynamics is faster for the smaller NCs.
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Figure 7.3: a) PL decays at T=11K, at the PL peak energy of the different bands of Fig.7.2(b), after ps excitation
at 3.356V. The dashed lines are fits of the experimental data according to Eqn.5.1. b) Fast decay component 71 as a
function of the emission energy extracted from the PL decay of Fig.7.3(b).

To obtain the spontaneous emission rate we fitted the decay curves of Fig. 7.3(a) with a two
exponential function (dashed lines of Fig. 7.3(a)), taking into account the laser pulse repetition
rate (see Eqn.5.1). The fast time constant (71) changes with the NCs size, while the slower
component is of about 5 ns for all emission bands and its weight is more important for the larger
NCs. In Fig. 7.3(b) the radiative lifetime (71) is reported as a function of the emission energy:
71 decreases increasing the emission energy and a clear non linear trend is evident.

In the strong confinement regime, that occur when the NCs dimension is lower than the
carrier’s Bohr radius (7.5nm for CsPbBrs [18]), the spontaneous emission rate I' = 1/7; is
expected to linearly vary with QDs’ size only because emission energy is changing [332], being
the matrix element constant. In our case, the expected variation of 7y is much smaller than
the experimental observation in Fig.7.3(b). A PL time evolution very similar to the one here

reported has been already observed in colloidal QDs (CQDs) [333] and can be explained in terms
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of the thermal population of exciton dark states [332,334], i.e. states with low optical transition
probability, or invoking the contribution of surface state population [335]. We point out that
dark states are always in thermal equilibrium with the radiative states, while this is not true
for surface states, given the presence of the potential barrier due to the surface. Therefore in
presence of only dark states the PL decay should be monoexponential [332]. As a consequence,
since in our case the PL decay (Fig.7.2(a)) is multiexponential, it is reasonable to assume the

change of 7 mainly comes from the presence of surface trap states.

7.3 PL measurements as a function of temperature

The population in the dark or surface states usually acts as a reservoir for the radiative states and
a significant slowing down of the PL time evolution is found increasing the temperature [333-335].
For this reason, to further investigate the carrier recombination dynamics in this nanocrystalline
sample, we also performed temperature dependent PL measurements.

In Fig. 7.4(a) PL spectra as a function of temperature are reported. These PL spectra show,
with increasing temperature, a broadening of the emission and a blue shift (Fig.7.4(b)) for all
the bands, typical of perovskite materials. Contrary to what observed in MAPI perovskites, no
anomalous behaviour in the emission energy (Fig.7.4(b)) and in the spectrally integrated PL
intensity (Fig.7.4(e)) is observed, because no phase transition occur for CsPbBrs perovskite in
this range of temperatures (see Tab. 1.2). It is worth noting that the ratio between the PL peak
intensities changes with temperature: this indicates a lack of transfer of population between the
different NCs, confirming that the PL comes from states of different structures. In addition, also

the spectral broadening and the blue shift are different for the various bands, with an higher
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Figure 7.4: Temperature dependent PL measurements on the DC sample under CW excitation at 3.06 eV with an
average intensity of 10W/cm?. a) PL spectra versus temperature. b) Position of the PL peak of the various bands as
a function of temperature. c) Shift of the position of the PL peak with respect to the value at 11K for the different
bands as a function of temperature. d) Integrated PL intensity as a function of temperature for the different bands.
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blue shift for the low energy bands (Fig.7.4(c)).

Concerning the recombination dynamics, an overall slowing down of the PL decays is ob-
served for each emission band raising the temperature from 10K to 300K (Fig.7.5) and, as a
consequence, the pedestal P, observed before the PL rise, increases with respect to the PL in-
tensity at the peak decay. In particular, this effect is more relevant for the high energy emission
bands (C, D). As discussed in sec. 4.2.4, this pedestal is due to the periodic nature of the excita-
tion/detection and arises from carriers that recombine at longer time than the repetition period
between two following pulses (in this case 12.3 ns). The growth of this pedestal with temperature
indicates an increment of the stationary population in the radiative states (N;—oo) with respect
to the initial value (Ny—g) since P oc Ny—o /Ny—g. This result is not in contrast with the decrease
of the spectrally integrated PL with the increase of temperature observed in Fig. 7.4(d), since
this reduction originates from a reduced number of photogenerated carriers into the radiative
states. The slowing down of the PL. dynamics can be explained assuming a thermally activated
transfer of population from the non-radiative states, where carriers are easily trapped but do
not recombine, back to radiative states. This transfer process becomes more effective increasing

the temperature.
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Figure 7.5: PL decays as a function of temperature for the four PL bands.

Given the morphology of the sample, the origin of these non-radiative states, acting as a
sink for the radiative states, can be attributed to the NCs surface. Their role is expected to be
more relevant for the smaller crystals due to an increase of the ratio between the surface states
and the volume states. In order to reproduce the growth of the pedestal P with the temperature
T (Fig.7.6), we assumed that the transfer of population from the surface states back to the

radiative states occurs through a mechanism similar to the thermionic emission [94]. We fitted



7.3. PL measurements as a function of temperature 79
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Figure 7.6: Temperature dependence of the pedestal P, normalized to the value at 11 K (Py), for each band. Continuous

lines are the fits according to the Eqn.7.2.

the dependence of pedestal P on the temperature 1" according to the following equation:
P(T) = aT + T2 e EB/kaT (7.2)

where the first term accounts for a phonon activated process, while the second term accounts
for a thermally activated transfer of carriers from the surface states back to the radiative states
with an energy barrier Ep. In Eqn.7.2 o« and S are two constants. The fitting results are
shown in Tab.7.1. We can see that, passing from band D to A, the energy barrier Ep reduces
from 120 meV to 33 meV and that the parameter 5 decreases of about two order of magnitude.
Instead, « is of the same order of magnitude for the different bands. These results confirm that
the thermally activated transfer process from the surface states back to the radiative states is
more relevant for the smaller crystals (higher § value). Moreover, an higher energy barriers
is found for the smaller NCs due to their higher emission energies. Finally, these results also
indicate that at room temperature a thermal equilibrium between the surface and the bulk
radiative states is possible only for the larger crystals.

Table 7.1: Results of the fits of the pedestal evolution (Fig.7.6) according to Eqn.7.2.

e Ié] Ep
Band
(1073K™Y)  (107*K™?) (meV)
A 5.040.2 0.1840.02 3343
B 6.1+£0.2 0.4840.05 39+4
C 48402 26+0.3 6747
D 48+0.2 25+3 120410




§8§ Cooling dynamics in CsPbBr; perovskites

In this chapter we will discuss the relaxation and thermalization process in CsPbBrj single
crystal (CR) and spin-coated (SC) film to bring evidence of the thermalization conditions and
provide quantitative information of the characteristic time-scale of this process. Moreover, we
will discuss TR-PL measurements in presence of an additional CW bias (resonant and non-

resonant): results will show a significant non-linearity in the emission.

8.1 Description of the samples

Two different CsPbBrs samples were prepared by Dr. Stefano Caporali’s group: a single CR
and a SC thin film deposited on a glass substrate. In both cases, CsPbBrj solution was prepared
dissolving equal molar quantity of the precursors (CsPb and PbBrz) in DMSO. The solution
was stirred overnight to obtain a clear liquid.

The deposition of the film onto the glass substrate was done using a spin-coater system.
The substrate was covered with 20 pL. of CsPbBr3 solution and spinning for 10s at 500 rpm and
5000 rpm, respectively!, to obtain a uniform distribution of the liquid. The substrate was then
transferred on a hot-plate set at 120°C to dry and anneal the perovskite film. After 10 min on
the hot plate the perovskite film was done. Instead, CsPbBrj single crystals were grew by using
the AVC method discussed in sec. 2.2. In this case, methanol was used as antisolvent.

In Fig. 8.1 two SEM images of the two samples are reported. We can see that the dimension
of the single CR is of about 700 pm and that the SC film is composed by micro-crystals with
lateral dimension between 100 nm and few microns. Moreover, the SNOM image of the SC film

shows that the micro-crystals have a thickness that ranges from 40 nm to several hundred of nm.

250 nm

200 pm

Figure 8.1: a) SEM image of the single-crystal. b) SEM image of the SC film c) SNOM topography map of the SC
film.

8.2 Main PL features

Before discussing the thermalization dynamics, we briefly present the main PL features of the

two samples.

ITo reach the angular velocity the substrate was accelerated at 100 rpms~! and 1000 rpm ! in the first and
second step, respectively.
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8.2.1 Single-crystal
In Fig.8.2(a) a typical low-temperature PL spectrum of the CsPbBrg CR under CW excitation

at 3.06 €V is reported. The PL spectrum shows two bands, whose relative weight changes exciting
different points of the sample; the PL intensity of the low energy band is anyway higher with
respect to the high energy band. In the literature [97,147,336], the high energy band (~ 2.32¢eV)
is ascribed to the free exciton (FE) emission, while the low energy band (~ 2.29€V) is attributed
to recombination from a bound exciton (BE) or to a phonon replica of the FE.

In this sample, we attribute the low energy band to a BE emission for the following reasons:

e the recombination dynamics of the low energy band is slower with respect to the FE emission
(see sec. 8.3). Instead, phonon replicas have the same dynamics of the main radiative exciton
recombination lines (or zero phonon lines (ZPL)), since it derives by the recombination of

the same population [337,338];

e the low energy band has an higher intensity with respect to the FE emission, whereas the

intensity of the phonon replicas is usually smaller with respect to the ZPL [337,338].

¢ the PL quenching of the low-energy emission increasing temperature is more relevant respect
to the FE band.

In Fig.8.2(b) low-temperature PL spectra in logarithmic scale of the CR under non resonant
and resonant excitation are compared. Both spectra show exponential tails of the emission in
the low (Urbach tail) and high energy sides, denoting in the last case a thermalization condition.
Exponential fit of the low-energy tail gives an Urbach energy of about 20 meV in both cases.
In thermal condition, the slope of the high energy tail is correlated to the carriers temperature
(T¢) since
Ip(E) x DOS(E)e F/ksTe, (8.1)

where DOS is the density of states of the system. We can see that the slope of the thermal
tail is different in the two cases, greater under resonant excitation, indicating a colder carrier
distribution. Through an exponential fit of the tail we obtained a carrier temperature of about

15 K in the resonant case and of about 45 K in the non-resonant case: in the last case the carrier
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Figure 8.2: a) PL spectrum at 10 K of the CR under CW excitation at 3.06 €V. b) Comparison between low-temperature
PL spectra of the CR under resonant and non-resonant excitation.



82 COOLING DYNAMICS IN CSPBBR3; PEROVSKITES

temperature is much higher than the lattice temperature (10 K). We will discuss in sec. 8.3 the

thermalization under non-resonant excitation.

8.2.2 Spin-coated film

In Fig.8.3(a) typical low-temperature macro-PL spectra under non-resonant excitation in dif-
ferent points of the SC film are reported: we can see different PL bands, ranging from 2.31eV
to 2.39eV. Given the dimensions of our NCs (lateral dimensions > 100 nm, thickness >40nm),
we exclude that the PL shift observed in macro-PL spectra of Fig.8.3(a) is due to quantum

confinement effects. The possible explanations of this PL shift can be the following:
o biaxial lattice strain, that produces a local variation of the band gap [339];
e photon emission and reabsorption processes [340,341].

SNOM measurements at room temperature exciting the SC film at 3.06 eV bring evidence that
the PL emission peak is correlated to the micro-crystals thickness, as shown in Fig.8.3(d). The
spectral shift of Fig.8.3(d) can be ascribed to a photon emission and reabsorption process,
already observed in lead halide perovskites [340,341]. Indeed the absorption length of CsPbBrj
perovskites at 3 eV is below 100 nm [10], that is smaller than the micro-crystals height. Therefore,
only a small region of the micro-crystals is excited and emits photons. The high energy side of
the PL emitted light can be reabsorbed by the interior regions of the micro-crystals, and, as a

consequence, the measured PL spectra is red-shifted. This process is more important increasing
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Figure 8.3: a) PL spectra at 10K in different points of the SC film under excitation at 3.35€V. Inset: PL spectrum
of point 3 in logarithmic scale that shows a thermalization condition. b) Comparison between low-temperature macro-
and micro-PL spectra of the SC film. c) Macro-PL spectrum of point 3 in logarithmic scale that shows a thermalization
condition. d) Peak emission energy of the room temperature SNOM PL spectra of the SC film as a function of the
micro-crystals height (thickness).
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the micro-crystals height: so thicker the region the more red-shifted is the emission.

However, we can note that the PL shift of Fig.8.3(d) (~ 15meV) is much smaller than the
variation observed in macro-PL spectra of Fig.8.3(a) (~80meV). For this reasons, we retain
that the major contribution of the PL energy variation of Fig.8.3(a) comes from biaxial lattice
strain. As a matter of fact, band gap variation greater than 100 meV was calculated by Grote
et al. [339] in CsPbls perovskites with a biaxial strain of about 4+3 % in the lattice parameters.
In particular, with a tensile biaxial strain of ~3 % the band gap increases of about 60 meV: this
variation is of the same order of magnitude than the variation observed in Fig. 8.3(a).

In Fig.8.3(b), a low-temperature macro-PL spectrum is compared with a micro-PL spec-
trum (single micro-crystal), that shows a smaller linewidth due to a different inhomogeneous
broadening. On the contrary, at room temperature the spectral broadening of the macro- and
micro-PL spectra is similar (~ 70 meV) since the homogeneous broadening dominates due to the
electron-phonon interaction. We can note that the FWHM of the low-temperature micro-PL
spectrum of Fig.8.3(b) is of about 14meV, that is high for a single micro-crystal: this inho-
mogeneous broadening, that is similar to the spectral shift of Fig.8.3(d), probably comes from
thickness variation in the single micro-crystal.

In Fig. 8.3(c) the PL spectra of the high energy band (2.39 V) is reported in logarithmic scale:
also in this case the PL spectra show a high energy thermal tail with a slope that corresponds

to a carrier temperature of about 50 K, similar to the single CR.

8.3 Thermalization

As discussed in sec. 4.1, the excess energy of the carriers after non-resonant excitation is lost
through scattering with phonons. During this process, the carriers cooling proceeds until a
thermal equilibrium with the lattice is reached. In order to investigate the relaxation and ther-
malization processes in CsPbBrs, we performed low temperature TR-PL measurements exciting
the samples with the II harmonic of a Ti:Sapphire laser at about 3.35 eV, using the streak camera
to detect the PL signal (see sec.4.2.5). In all measurements the average excitation intensity was
about 6 W cem™2.

8.3.1 Single-crystal

In Fig.8.4 the PL images in two different time scale (1, 2) at 10K for the single crystal are
reported, while in Fig. 8.5(a~c) the corresponding TR-PL spectra, obtained as horizontal cuts of

the PL images, are shown.
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Figure 8.4: PL images at 10K
of the CR in scale 1 (a) and 2 (b)
after ps excitation at 3.35€V.
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Figure 8.5: TR measurements at 10K of the CR under ps excitation at 3.35€V: a) TR spectra from 21 ps to 124 ps
with a step of 20ps. b) TR spectra from 15ps to 670 ps with a step of 50 ps. All TR spectra were obtained from
horizontal cuts of the PL images with a width of 10 pixels, that correspond to a temporal window of 2.6 ps and 14.2 ps
in scale 1 and 2, respectively. d-e) PL decays, at the peak energy of the TI-PL spectra, for the BE and FE emissions
in scale 1 (d) and in scale 2 (e). The experimental time resolution is also reported.

From the TR-PL spectra we can see that the PL intensity of the FE emission increases in
the first 20 ps and then decreases, while the rise of the BE emission is slower. In the first 40 ps
after the excitation pulse the emission of the FE is prevalent, while at longer times the PL comes
mostly from the BE band. This trend is clearly shown in the PL decay of the two emissions, as
reported in Fig. 8.5(d-e): the FE shows a rise of the PL signal of ~ 10ps, slightly longer than
the temporal resolution in scale 1 (see Tab.4.2), while the rise of the BE emission is of about
40 ps. Moreover, a longer decay is detected for the BE emission. The energy position of the FE
emission remains almost constant, with a small red shift (~2meV) in the first 100 ps, indicating
exciton localization, while the energy shift of BE emission is more relevant (15meV); the BE

emission approaches the value of the TI spectra (2.29eV) after ~300ps (see Fig. 8.6(a)).

Moreover, the PL spectra of Fig.8.5(a-c) show an exponential tail in the high energy side,
indicating a thermalization condition. The slope of the exponential tail increases with time as a

consequence of the cooling of charge carriers. It is worth noting that after 50 ps two exponentials
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Figure 8.6: a) Peak positions of the FE and BE emission as a function of time extracted from the TR-PL spectra of
Fig.8.5(a-c). Dashed lines are the positions of the two emissions in the Tl spectra. b) Comparison between the TR
spectra of the single CR at 670 ps and the DOS obtained from this spectra using the Eqn. 8.3.

occur in the high energy side of the TR spectra. These two exponentials are not related to two

population thermalized at different temperatures, but they come from the DOS of the system.

In fact, if we assume that the PL arises from a thermal distribution, from Eqn. 8.1 we have
that
Ipr(E,t) x DOS(E)e F/ksTess®) (8.2)

where T, ¢¢(t) is the effective carrier temperature at the time ¢. In order to evaluate the DOS
and extract the carriers temperature we proceed in the following way. In sec.8.2.1 we showed
that, under non resonant-excitation, the carrier temperature in stationary condition (Tg) for
the CR is about 45 K, that is larger than the lattice temperature. Assuming that at longer time

(670 ps) the carriers are thermalized at the temperature Tg
DOS(E)  Ipp(E,t* = 670 ps)e”/ksTs (8.3)

Therefore, the DOS can be obtained dividing the TR spectra at 670 ps for the Boltzmann factor
e E/ksTs  In Fig. 8.6(b) the DOS obtained with the Eqn. 8.3 is compared with the TR spectra
at 670 ps; we can see a peak due to the FE resonance, that is blue shifted (~ 4 meV) with respect
to the FE peak in the corresponding PL spectrum.

We can divide each TR spectrum for the DOS, obtaining

IpL(B ) BTy

In Fig.8.7(a-b) the quantity 3 at early (< 30 ps) and long delays is reported. We can see that in
the first 20 ps the curves are not exponential, indicating an incomplete thermalization condition.
Instead, for t > 30 ps the curves are nice exponentials, with an increase of the slope (1/kpT.f(t))
with time, that indicates a reduction of T,.fy. Through exponential fits of the curves of Fig. 8.7(a-
b) we estimated the temperature T¢ sy for each delay: the results are reported in Fig.8.7(c). T ¢y
reduces from 60K to 47 K in the first 200 ps and then stays almost constant; an exponential
fit of the data gives an initial carriers cooling rate of 50 ps. It is worth noting that the lattice

temperature is not reached; therefore a bottleneck in the thermalization is evidenced. A slowing
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rate.

down of the carrier cooling was also observed by Yang et al. [342] in lead-halide perovskites
and it was attributed to the reabsorption of the low-energy emitted phonons, that produces an
heating of the carriers. Thermalization bottleneck could be also originated from efficient Auger
processes [343], but given the Auger coefficient in this material (1072 cm®s~! [153]) and our

experimental excitation density (1016 cm™3) Auger scattering can be considered negligible.

8.3.2 Spin-coated film

Concerning the thermalization of the SC film, we will discuss the TR measurements performed

on the high energy band at 2.39¢eV. Similar results are obtained for the low energy bands.
In Fig.8.8(a-c) the PL image in scale 1 and the corresponding TR-PL spectra at 10K for

the SC film are reported. Also in this case, PL spectra show a thermal tail with a progressive
increase of the slope with time due to the cooling of carriers. Moreover, the PL peak energy
red shifts of about 4 meV in the first 50 ps, reaching the value of the TI spectra (2.39€eV). From
the TR spectra we extracted the effective carrier temperature through an exponential fit of the
high energy tail: the results are shown in Fig.8.8(d). We can see an initial fast cooling, that
is faster than in the CR (Fig.8.7(c)), and that there is also in this case a bottleneck in the
thermalization. In Fig.8.9(a) the DOS extracted from the TR-PL spectrum at 130 ps through
Eqn.8.1 (T¢ =56K) is reported: a step-like DOS is obtained, similar to a two-dimensional (2D)

system.
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Figure 8.9: a) Comparison between the TR spectra at 130 ps of the SC film and the DOS obtained from this spectra
using the Eqn.8.1. b) Comparison between the PL decay of the FE emission in the CR and in the SC film.

To conclude this paragraph, we compare in Fig. 8.9(b) the PL decays of the FE emission
in the CR and in the SC film: a faster decay is found in the single crystal due to the exciton
localization. Moreover, the longer decay component in the SC film comes from the contribution

of the surface states population, as discussed in Chap. 7.

8.4 Measurements with CW bias

As previously shown both in the single crystal and in the SC film, the PL measurements re-

veal a significant contribution from localized/bound states. In order to better understand the
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recombination dynamics in CsPbBrs we performed TR-PL measurements exciting the samples
with the Ti:Sapphire laser plus an additional CW bias. The aim of this measure was to bring
evidence of possible non-linearity in the emission related to the saturation of localized states
and the population of free states. The same intensity (6 W cm~2) was chosen for both the CW
and pulsed laser beams.

Our experiment is quite similar to transient absorption (TA) spectroscopy, in which the
sample is excited with two sources: a pulsed laser (pump) and a weak laser beam (probe),
delayed of a time 7 with respect to the pump. The transmitted probe signal is detected. The
TA provides the change of absorption of the probe in presence of the pump, as a function of 7.
However, whereas the TA spectroscopy measures the change in the absorption spectra, in our
case we measure how the temporal/spectral evolution of the PL signal changes in presence of
the CW bias, so the change is related to the absorption and population of the radiative states.

As CW bias, we used resonant and non-resonant laser sources:
e as non-resonant bias we used a CW 405 nm laser;

 as resonant bias we used a CW 532nm laser in case of single CR (resonant with the FE

emission) and a 515 nm laser for the SC sample (resonant with the band at 2.39eV).

For each set of measurements, we acquired three images with the streak camera, exciting the
sample in the same point with the pulsed laser (Ip), the CW bias (I5) and both of them (Ip;p),
respectively. In absence of non-linear effects, the image Ip4 p should be equals to the sum of the
images Ip and Ig. For this reason, to bring evidence the presence of non-linearity, we extracted
the difference image

Ip(E,t) =1pip(E,t) — Isypm(E,t), (8.5)

where Isyy(E,t)=Ig(E,t)+1Ip(E,t), t is the time and F is the energy. If the difference
Ip(E,t) is positive, there is a superlinear increase of the PL intensity, if Ip(FE,t) is negative,
there is a saturation of the PL intensity produced by the CW bias. In Fig.8.10 the difference
images Ip under non-resonant and resonant bias for the single crystal are reported. From these

images we can extract TR difference spectra at different delays (Ip(F)). Results are shown in
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Figure 8.10: Difference images for the CR under non-resonant (a) and resonant (b) bias.
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Fig.8.10. We can see that non-linearities are present in the emission, both in resonant than
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Figure 8.11: Difference spectra for the CR, extracted from the images of Fig. 8.10, under non-resonant (a) and resonant
(b) bias as a function of time.

in non-resonant case. The recovery time from these non-linearity is greater than 100 ps and
much longer in the resonant case for the superlinearity. Applying a non-resonant bias, there is
saturation of the bound states (<2.3eV) and of the localized states and a superlinear increase
of the FE population. In the resonant case, the trend is similar to the non-resonant case, but
with a major contribution of the superlinear increase of the FE population and a longer recovery
time. Furthermore, we can note a non-linear behaviour under resonant excitation around the
laser line, possibly indicating a bleaching of the Resonant Rayleigh Scattering.

To provide an estimate of the non-linear (N L) contribution, we spectrally integrated (A4 (t))
the positive (+) or negative (-) part of the difference spectra divided by Asyas(t), which
is the spectrally integrated PL intensity of the TRy (t)=TRp(t) + TRp(t) spectra, where
TRp(p)(t) are the TR spectra with the pulsed laser (P) and the CW bias (B), respectively. In

formulas,

Ax(t
NL.(t) = Asgﬂggt) (8.6)

In Fig. 8.12(a,b) the NL (in %) for the resonant and non-resonant case is reported. In the non-
resonant case, the superlinear contribution (N L) is <1 %, while the negative part (NL_) is of
about 4 % at short time (< 30 ps) and then decreases, approaching zero in a time scale of about

200 ps. In the resonant case, both the contributions have an initial rise, slower for NL, and
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the recovery from the superlinearity is much longer than the non-resonant case. In particular,
NL, remains about 5% after 600 ps.

To estimate the time scale of the non-linearity processes we fit the curve of Fig. 8.12(a) with
a double exponential
NL(t) = A(e ¥/ — e=t/m), (8.8)

where 7o and 71 the recovery time and the rise time, respectively. Example of fits are shown for
the resonant case in Fig.8.12(a) and the results are shown in Tab.8.1. We can see that, in the
resonant case, the rise time of the superlinear contribution equals the recovery time from the
saturation. This suggests that the increase of population of the FE states comes from a transfer
of population from the localized /bound states. Instead, in the non-resonant case the rise time
is below 10 ps and two decay constants are necessary to fit the recovery from the bleaching: the

fast decay constant is of about 20 ps, while the slow decay constant is of about 120 ps.

Table 8.1: Results of the fits of the non-linearity of Fig.8.12(a-b) in the CR according to Eqn. 8.8. The labels “fast”
and “slow” refer to the two decay constants.

Excitation Non-linearity 71 (ps) 72 (ps)
NL_ 40+10 70+£20
Resonant
NL 80420 (1.4+0.2)-10°

20 + 10 (fast)

Non-resonant NL_ <10
120 £ 20 (slow)

Another important parameter in the difference spectra is the zero crossing energy (Fy),
that marks the transition between the two non-linear regimes (superlinear and saturation). In

Fig.8.12(c) the energy Ejy as a function of time in the CR, extracted from the difference spectra,



8.4. Measurements with CW bias 91

S

Time (ps)

100
120

x10*

2.34 2.36 2.38 2.40 2.42 2.44 2.34 2.36 2.38 2.40 2.42 2.44
Energy (eV) Energy (eV)

Figure 8.13: Difference images for the SC film under non-resonant (a) and resonant (b) bias.

is reported for the resonant and non-resonant case. We can see that Fy red shifts with time
and reaches the value of the BE emission (2.29 V) after ~ 300 ps. The shift of the zero crossing
energy is related to a different recovery of the non-linearity between the high and low energy
part of the PL spectrum.

In the SC film, different non-linear behaviours are found under resonant and non-resonant
excitation, as shown in Fig.8.13, where the difference images for the high energy band are
reported. Under resonant excitation, if we exclude the spectral region near the laser line, there
is only a superlinear increase of the PL intensity. The NL reaches a maximum of ~ 14 % after
70ps and a full recovery of the non-linearity occurs at 300 ps (see Fig.8.14(b)). Fitting the
curve of Fig.8.14(b) with the Eqn. 8.8 we obtain a rise time 71 of ~60ps and a recovery time
7o of ~ 80 ps for the SC film. Therefore, population of the free states and the recovery from the
superlinearity in the resonant case is faster in the SC film than in the single crystal. Similar
results are obtained for the low energy bands.

Instead, under non-resonant excitation (Fig.8.13(b)), as well as in the single CR, there is
a saturation of the low energy states (localized stated) and a superlinear increase of the free
states. Concerning the superlinearity (not shown), the contribution is below 2 % (irrespective of
the excitation power), as for the SC (see Fig.8.12(b)). Instead, as shown in Fig.8.14(a), there
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Figure 8.14: a) NL_ for the SC film under non-resonant bias at different excitation intensity. lo corresponds to an
intensity of 6Wcm™2. b) NL for the SC film under resonant excitation at lo.
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is not a full recovery of NL_ between a pulse and the following. The lack of full recovery of the
bleaching, that becomes much important increasing the power of the CW bias, suggests that
long-living defect states rule the non-linear dynamics. Given the morphology of the SC film,
that is composed by micro-crystals, we suppose that this behaviour is related to the presence
of surface states. To conclude, we report in Fig.8.15 the zero crossing energy as a function of
time for the SC film under non-resonant excitation. A red shift of Ey (~8meV) is observed in
the first 100 ps, irrespective of the power of the CW bias. We can see that this shift is smaller
if compared with the single crystal (Fig.8.12(c)).

T T T T T

2.402| 5
2.400 | Iy
A 16l
2.398|
2.396|
2.304}
2392}
2.390F - - ------looooo o - —_—
2.388|
2.386
0

E, (eV)

20 40 60 80 100 120 140
Time (ps)

Figure 8.15: Zero crossing energy (Ey) for the SC film as a function of time. Dashed line indicates the peak of the
PL emission in the TI spectra.



§9§ Conclusions and perspectives

In this work we presented an experimental study of the optical properties of MAPI and CsPbBrj
perovskites by means of high resolution PL spectroscopy, with the aim of providing a knowledge

of the physical processes that rule the emission properties in these materials.

MAPI, with a band gap of 1.6 eV at room temperature, is extensively used as absorbing layer
in a new generation of low-cost solar cells. In this kind of solar cells, the transporting layers,
that separately collect photo-generated charge carriers, play a fundamental role. For this reason,
we investigated the recombination dynamics in MAPI PSCs with different mesoporous ETLs.
By using photoelectrodes instead of complete cells we provide quantitative information on the
electron collection efficiency varying the ETL. Firstly, the observation of faster PL decays at
room temperature exciting from the FTO side when graphene-based ETL are used accounted
for a better carrier removal from MAPI layer toward the ETL so demonstrating that the use of
graphene based ETL improves the electron collection respect to the conventional mTiOs ETL.
Moreover, we showed that the choice of the ETL also influences the morphology of MAPI film.
In case of G+mTiO4 plus GO-Li as ETL, PL spectra as a function of temperature, power density
and excitation energy indicated a better crystalline quality, with a lower density of traps, of the
MAPI film embedded in the mesoporous layer and that the interaction between MAPI and ETL
inhibits the phase transition from the tetragonal to the orthorhombic phase.

MAPI is also studied for near-infrared light-emitting sources. In this context, we correlated
the physical origin of the superlinear emission (SE) in MAPI perovskites with the sample mor-
phology (single micro-crystals or disordered films). In case of disordered films, the emission
under high excitation density (>3 mJ/cm?) is characterized by a multimodal emission and it is
not polarized, suggesting that the SE in disordered films comes from an amplified spontaneous
emission (ASE). On the contrary, the SE in the MWR, that occurs at lower excitation density
(> 70 nJ /cm?) is characterized by few narrow modes (FWHM < 1 meV) and a strong polarization
is observed (~80%). Moreover, the polarization axis is strongly correlated to the geometry of
the microcrystal. Therefore, the SE in MAPI MWRs can be seen as a true lasing, where the

microcrystal acts as an optical cavity, delimited by the crystal surfaces.

Concerning CsPbBrs perovskites, that are mainly investigated for the realization of effi-
cient green light sources, we studied different aspects of the radiative emission (recombination
dynamics, relaxation processes) in thin films and single crystals. In nanocrystalline films, we
showed the significant role of the carrier trapping in surface states on the carrier recombination
dynamics in CsPbBr3 NCs. Increasing temperature from 10K to 300 K a significant slowdown
of the recombination dynamics was observed, more relevant for the high energy PL bands, that
correspond to the emission from smaller NCs. This slowdown of the recombination dynamics
was interpreted as the consequence of a transfer of population from non-radiative states, where
carriers are easily trapped but do not recombine, back to the radiative states. In fact, given the

morphology of the NCs, the origin of the non-radiative states acting as a sink for the radiative
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states can be ascribed to the NCs surface and their role is expected to be more relevant for
smaller NCs, since the ratio between the volume and surface density of states scaled with the

crystal size.

Finally, in this thesis we discussed the relaxation and thermalization process in CsPbBrj
single crystals and spin-coated films. High resolution low temperature TR-PL measurements
bring evidence of a thermalized carrier distribution, as marked by the presence of an exponen-
tial tail in the high energy side of the TR-PL spectra. However, there is a bottleneck in the
thermalization under non-resonant excitation: the carriers temperature remains higher than the
lattice temperature. This bottleneck can be attributed to the reabsorption of the low-energy
emitted phonons during the relaxation, that produces an heating of the carriers. We point out
that the thermalization bottleneck could be also originated from efficient Auger processes, but
given the Auger coefficient in CsPbBrs (1072 cm®s~!) and our experimental excitation density

(1016 cm™3) Auger scattering can be considered negligible.

Moreover, non-linearities in the emission are observed when an additional CW bias is applied
together with the pulsed laser. The bleaching of the emission is attributed to the saturation of
the localized /bound states, whereas the superlinearity to the population of the free states. In the
single crystal, under non-resonant excitation the superlinearity is below 1%, while a significant
bleaching of the emission occurs in the first 200 ps. Instead, under resonant-excitation a transfer
of population from the localized /bound states to the free states is evidenced. For the spin-coated
film, under resonant excitation there is only a superlinear increase of the PL intensity, with a
faster recovery time than in the case of single crystal. Moreover, under non-resonant excitation,
there is not a full recovery of the bleaching between an excitation pulse and the following, that
is more relevant increasing the power of the CW bias. This suggest that long-living defect states
rule the non-linear dynamics. Given the morphology of the spin-coated film, that is composed

by micro-crystals, we suppose that this behaviour is related to the presence of surface states.

In this thesis we investigated several fundamental aspects of the emission properties in per-
ovskites, correlated to the different applications of these materials. For MAPI, we focused on
the carrier recombination dynamics in PSCs, demonstrating that the use of graphene-based ETL
improves the electron collection efficiency and the morphology of the active layer, leading to bet-
ter photovoltaic performance. Moreover, we provided a correlation between the physical origin
of the stimulated emission and the morphology of the material. For CsPbBrs, we investigated
the recombination dynamics and the relaxation process in thin films and single crystals, showing
the contribution of surface states, localized states and free states. However, several aspects re-
quire further investigation. Firstly, we point out that CsPbBrs samples studied in this thesis are
nanocrystalline films, that show significant inhomogeneities in structural and optical properties.
With the aim to obtain a device, an improvement of the synthesis technique is therefore nec-
essary since an homogeneous film with well-defined thickness is preferable. In addition, despite
a remarkable improvement in the stability was obtained by using all-inorganic perovskites, the
high sensitivity to environmental conditions and the low operating stability of PeLEDs must be
solved before using them in industry. Finally, also the toxicity problem of perovskites due to

the presence of lead is another serious problem that must be resolved. Alternative metal cations
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(Sn?*, Ge?") were recently investigated as substitute of lead, but Pb-free perovskite devices
exhibit worse performance compared to lead halide counterparts.
Therefore, we believe that much fundamental research in different fields (material science,

physics, chemistry etc.) is required to really take advantage of the extraordinary properties of

perovskites.
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PLQY
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Continuous wave
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Band gap
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Electron transporting layer
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Hole transporting layer

Short circuit current density
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Mesoporous titanium ozxide

Microwire

Nanocrystal

Phovoltaic conversion efficiency
Perovskite LED

Photoluminescence
Photoluminescence quantum yield
Perovskite solar cell

Quantum dot

Scanning electron microscopy
Near-field scanning optical microscopy
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Time correlated single photon counting
Time integrated

Time resolved

X-ray diffraction

Open-circuit voltage
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