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Résumé 
 

Les perovskites hybrides organique-halogénure de plomb représentent une classe de 

matériaux émergents, proposés en tant qu’absorbeur de lumière dans le cadre d’une 

nouvelle génération de cellules solaires. La formule chimique de ces composés est ABX3, où 

A est un cation organique, X représente un anion halogénure (normalement Cl-, Br-, ou l-, 

ou alors un alliage composé par ces éléments). Les perovskite hybrides combinent 

d’excellentes propriétés d’absorption avec une grande longueur de diffusion et des longues 

durée de vie des porteurs de charge, ce qui permet d’atteindre des efficacités de conversion 

de photons de 22%. Un autre avantage est représenté par leur bas coût de fabrication. Par 

conséquent, avec le développement de cette classe de matériaux, le photovoltaïque basé sur 

les perovskites sera potentiellement capable d’améliorer fortement les performances de la 

technologie photovoltaïque actuelle, basée sur le silicium. 

Dans cette thèse, nous utilisons des méthodes optiques pour étudier les propriétés 

électroniques de base et la morphologie de couches minces de plusieurs représentants des 

perovskites. Nous étudions notamment des composés ayant le methylammonium et le 

formamidinium en tant que cations organiques  ainsi que les iodures et les bromures à large 

bande interdite et nous montrons comment la composition chimique influence les 

paramètres étudiés. 

Par magnéto-transmission, nous déterminons directement l’énergie de liaison de l’exciton et 

sa masse réduite. Nous trouvons que les énergies de liaison à T = 2K sont comprises de 14 à 

25 meV, plus petites ou comparables à l’énergie thermique moyenne à la température 

ambiante (25meV). De plus, ces valeurs diminuent à T=160K jusqu’à 10-24meV. Suite à ces 

résultats, nous concluons que les porteurs photocréés dans les perovskites peuvent être 

considérés ionisés thermiquement à la température ambiante. Les valeurs de masse effective 

sont comprises entre 0.09-0.13 de la masse de l’électron libre. Nous montrons également que 

l’énergie de liaison de l’exciton ainsi que la masse effective dépendent linéairement de la 

valeur de la bande interdite. Nos résultats permettent donc d’estimer la valeur de ces 

paramètres des nouveaux composés perovskites. 

Nous avons étudié la morphologie de couches minces de perovskite par photoluminescence 

résolue spatialement avec une résolution micrométrique. Cette technique nous a permis 

d’observer des grains cristallins uniques. Nous démontrons que la transitions de la phase 

tétragonale à orthorhombique à basse température est incomplète dans tous les matériaux 

étudiés, comme montré par les résidus de phase tétragonale trouvés à T =4K. En étudiant 

structurellement régions endommagées et photo-recuites, nous montrons que la présence 

de la phase tétragonale à basse température est augmentée, causée par une déplétion de 

l’halogène. 

 

Mots-clés: perovskites hybrides, photovoltaïque, énergie de liaison de l’exciton, masse 

effective, transition de phase.   
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Abstract 

 
The hybrid organo-lead halide perovskites are an emerging class of materials, 

proposed for use as light absorbers in a new generation of photovoltaic solar cells. The 

chemical formula for these materials is APbX3, where A is an organic cation and X 

represents halide anions (most commonly Br-, Cl- or I-, or alloyed combination of these). The 

hybrid perovskites combine excellent absorption properties with large diffusion lengths and 

long lifetime of the carriers, resulting in photon conversion efficiencies as high as 22%.  

Another advantage is the inexpensiveness of the fabrication process. Therefore, with the 

rapid development of this class of materials, the perovskite photovoltaics has perspectives 

to outperform the well-established silicon technology. 

Here, we use optical methods to investigate the basic electronic properties and 

morphology in the thin films of several representatives of the hybrid perovskites. We study 

the compounds based on Methylammonium and Formamidinium organic cations; the 

iodides and wide band-gap bromides, showing how the chemical composition influences 

the investigated parameters.  

Using magneto-transmission, we directly determine the values of exciton binding 

energy and reduced mass.  We find that the exciton binding energies at T = 2 K, varying 

from 14 to 25 meV, are smaller or comparable to the average thermal energy at room 

temperature (≈25 meV). Moreover, these values fall further at T = 160 K, to 10–24 meV. 

Based on that we conclude that the carriers photocreated in a perovskite material can be 

considered to be thermally ionized at room temperature. The measured reduced masses are 

in the range of 0.09-0.13 of the electron rest mass. We also show that both exciton binding 

energy and reduced mass depend linearly on the band gap energy. Therefore, the values of 

these parameters can be easily estimated for the synthesis of new perovskite compounds. 

 Using spatially resolved photoluminescence, we probe the morphology of 

perovskite films with micrometer resolution, which enables us to observe single crystalline 

grains. The resulting maps show that all investigated thin films are composed from the dark 

and bright crystalline grains. We demonstrate that the low temperature phase transition 

from tetragonal to orthorhombic phase is incomplete in all studied materials, as the remains 

of the tetragonal phase are found even at T = 4 K. By investigating structurally damaged 

and photo annealed regions, where the occurrence of the tetragonal phase at low 

temperatures is enhanced, we attribute its presence to the depleted halide content. 
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Streszczenie 
Hybrydowe perowskity – halogenki ołowiu i kationu organicznego - stanowią nową klasę 

materiałów, mogących znaleźć zastosowanie jako konwertery energii słonecznej w kolejnej 

generacji ogniw fotowoltaicznych. Struktura chemiczna tych materiałów opisywana jest 

wzorem APbX3, gdzie A jest kationem organicznym a X anionem halogenkowym 

(najczęściej Br-, Cl- lub I-, lub ich kombinacją). Hybrydowe perowskity charakteryzują się 

efektywną absorpcją światła w szerokim zakresie spektralnym, długimi drogami dyfuzji 

oraz długimi czasami życia nośników. Własności te przekładają się na wysoką wydajność 

konwersji fotonów, która w przypadku najlepszych ogniw perowskitowych sięga 22%. 

Niski koszt wytwarzania oraz  szybki rozwój tej klasy materiałów stawia fotowoltaikę 

opartą na perowskitach wśród potencjalnych rozwiązań zastępujących obecnie wiodącą  

technologię krzemową. 

Niniejsza praca poświęcona jest optycznym badaniom własności elektronowych oraz 

morfologii cienkich warstw hybrydowych perowskitów. Wykorzystano związki oparte na 

kationie metylamoniowym lub formamidynie, z jodem lub bromem jako anionami 

dominującymi. Uzyskane wyniki pozwalają określić wpływ składu chemicznego na badane 

parametry materiału. 

Na podstawie pomiarów magnetotransmisji bezpośrednio wyznaczono wartość energii 

wiązania ekscytonu i masy zredukowanej.  Energie wiązania ekscytonu w temperaturze T = 

2 K wynoszą od 14 do 25 meV. Są to wartości mniejsze lub porównywalne do średniej 

energii termicznej w temperaturze pokojowej (25 meV). Co więcej, wartości te maleją wraz 

ze wzrostem temperatury, do 10-24 meV w T = 160 K. Tym samym wnioskujemy, że nośniki 

wzbudzone światłem w temperaturze pokojowej można uznać za termicznie zjonizowane. 

Zmierzone wartości masy zredukowanej mieszczą się w zakresie 0.09-0.13 masy 

spoczynkowej elektronu. Pokazaliśmy również, że zarówno energia wiązania ekscytonu, 

jak i jego masa zredukowana zależą w przybliżeniu liniowo od wartości przerwy 

energetycznej. Uzyskane zależności pozwalają w łatwy sposób oszacować wartości tych 

parametrów dla nowo zsyntetyzowanych związków perowskitowych. 

Metodą przestrzennie rozdzielonej fotoluminescencji zbadano morfologię warstw 

perowskitowych z mikrometrową rozdzielczością, co pozwoliło zaobserwować pojedyncze 

ziarna krystaliczne. Otrzymane mapy luminescencji powierzchni próbek pokazują, że 

wszystkie badane warstwy składają się z ciemnych i jasnych ziaren. Pokazujemy, że w 

niskotemperaturowa przemiana z fazy tetragonalnej w ortorombiczną jest niepełna, a 

pozostałości fazy tetragonalnej są obserwowane nawet w T = 4 K. Zauważając zwiększone 

występowanie tych inkluzji w okolicach obszarów uszkodzonych strukturalnie, korelujemy 

obecność niskotemperaturowej fazy tetragonalnej z lokalnymi zubożeniami zawartości 

halogenków. 

 

Słowa kluczowe: hybrydowe perowskity, fotowoltaika, energia wiązania ekscytonu, masa 

efektywna, przemiana fazowa  
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Preface

The hybrid organo-lead halide perovskites are an emerging class of materials, pro-
posed for use as the light absorbers in a new generation of photovoltaic solar cells.
The chemical formula for these materials is APbX3, where A is a monovalent or-
ganic cation and X represents halide anions (most commonly Br−,Cl− or I−, or
alloyed combination of these). In contrast with state of the art photovoltaic materi-
als, such as silicon or gallium arsenide, hybrid perovskites offer wide possibilities to
manipulate the chemical composition, resulting in an advanced tunability of the op-
toelectronic properties. Another advantage is the inexpensiveness of the deposition
process used to obtain thin perovskite films for solar cell applications. Further-
more, these compounds combine excellent absorption properties with large diffusion
lengths and long lifetime of the carriers, while the high recombination rate of the
photocreated carriers limits the photovoltaic photon conversion efficiencies in other
low-temperature processed materials. For the hybrid perovskites, record efficiencies
as high as 22% have been demonstrated in structurally stable compounds. Therefore,
with the rapid development of this class of materials, the perovskite photovoltaics
has perspectives to outperform the well-established silicon technology.

Despite the extensive research efforts since the first demonstration of a perovskite
solar cell in 2009, many questions concerning the fundamental properties of hybrid
perovskites remain unanswered. Among them is the value of exciton binding energy,
determining the nature of the photocreated carriers. It is also important to precisely
define the role of morphology, in particular the differences in optical quality between
the adjacent crystalline grains within the perovskite thin films, on the performance
of the photovoltaic devices.

In this thesis, we use optical methods to investigate the basic electronic proper-
ties and morphology in several representatives of the hybrid perovskites. We study
the compounds based on Methylammonium and Formamidinium organic cations;
the iodides and wide band-gap bromides. Using magneto-transmission, we deter-
mine the values of exciton binding energy and reduced mass with an improved
accuracy surpassing previously reported results, obtained with indirect methods.
Using spatially resolved photoluminescence, we investigate the morphology of per-
ovskite films between 4 K and the room temperature with 1 µm resolution, which
enables us to observe single crystalline grains. Our results determine the influence
of chemical composition on the studied parameters, which is crucial for the synthesis
and optimization of new perovskite hybrid compounds.

Chapter 1 introduces the topic of the thesis, starting from the properties of the
excitons. Then, the general information about the perovskite crystalline structure
are provided. Further sections are devoted to the hybrid perovskites; we discuss the
influence of chemical composition on the structural and optoelectronic properties,
the band structure, carrier diffusion lengths and lifetimes, and structural stability
of these compounds. Finally, we present the advantages and disadvantages of the
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most popular hybrid perovskite compounds synthesized until now, showing also a
most probable evolution of this research field.

Chapter 2 presents the experimental techniques and equipment used for the
measurements in this thesis. In Chapter 3, we describe the investigated thin-film
samples and the methods of their fabrication. We also characterize the samples, per-
forming temperature-dependent transmission. We demonstrate that the progress of
the phase transition from the low-temperature orthorhombic phase to the tetragonal
phase with increasing temperature depends on the chemical composition.

Chapter 4 is devoted to high-field magneto-spectroscopy. First, we discuss the
influence of magnetic field on the optical transitions. Then, we present our magneto-
transmission studies in the low temperature, orthorhombic phase and higher temper-
ature tetragonal phase. We extract the exciton binding energies and reduced masses,
showing that these parameters depend linearly on the band gap energy, without the
influence of the type of the organic cation. We find that the exciton binding ener-
gies at low temperatures are smaller or comparable to the average thermal energy at
room temperature, and that these values fall further at higher temperatures. Based
on that we conclude that the carriers photocreated in a perovskite solar cell can be
considered to be thermally ionized at room temperature.

In Chapter 5, we present our results on spatially-resolved photoluminescence. We
demonstrate that all investigated perovskite thin films are composed from the dark
and bright crystalline grains. We show that the low temperature transition from
the tetragonal to orthorhombic phase is incomplete, as the remains of the tetragonal
phase are found even at T = 4 K. The size of the tetragonal phase inclusion is
comparable to the dimensions of single crystalline grains, while macroscopic phase
domains, containing hundreds of single grains, have been observed only in the high
band-gap tri-bromide compound. Furthermore, we find that the occurrence of the
tetragonal phase inclusions is enhanced in structurally damaged and photo annealed
regions.

Chapter 6 contains our preliminary results from studies of fully inorganic, caesium-
based CsPbX3 compounds. By comparing the exciton binding energies and reduced
masses in the inorganic and hybrid compounds, we aim at understanding the role of
the organic cation in determining the properties of organo-lead halide perovskites.
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1.1 Interband absorption in the semiconductors: exci-
tons

In the semiconductor material, the interband absorption of a photon promotes an
electron from the valence band to the conduction band. The resulting electron
- hole pair, interacting via the attractive Coulomb force, is known as the neu-
tral exciton. Excitons have been predicted theoretically in 1930s [Frenkel 1931,
Peierls 1932, Wannier 1937] and observed for the first time in the absorption spectra
of Cu2O [Hayashi 1950]. The properties of excitons in semiconductor materials have
been summarized, among other works, in the book of Yu and Cardona [Yu 2010],
used here as the reference.

Due to an analogy of the electron - hole pair to the electron - proton pair, the
excitons can be described within a hydrogen atom - like model. However, in a
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crystal, the presence of mobile charges screens the Coulomb interaction between the
electron-hole pair, thus, the relative dielectric constant εr is larger than 1. Therefore,
when compared to the hydrogen atom, the binding energy of the exciton is lowered,
leading to an increase of the Bohr radius. Depending on the ratio of the Bohr
radius to the size of the unit cell in the crystal, the Frenkel or Wannier- Mott
excitons are considered. The excitons in semiconductors are usually large-radius
Wannier-Mott excitons [Liang 1970, Yu 2010], in contrast to tightly bound Frenkel
excitons, observed e.g. in the organic semiconductors and ionic crystals [Muto 1958,
Lidzey 2000].

Below, we discuss the properties of Wanier-Mott excitons within the effective
mass approximation, assuming parabolic, non-degenerate bands of isotropic disper-
sion. In this approach, the motion of the electron and hole can be described using
separable coordinates of the excitonic center of the mass ~R and the relative coordi-
nates of electron and hole ~r:

~R =
m∗e ~re +m∗h ~rh
m∗e +m∗h

~r = ~re − ~rh, (1.1)

where ~re, ~rh and m∗e,m∗h are vectors of the positions and effective masses of electron
and hole, respectively. The ~R coordinate describes the motion of a particle of a mass
M = m∗e + m∗h. The Coulomb interaction between the electron and hole depends
only on the relative coordinate ~r. The envelope of the excitonic wavefunction is
given by [Yu 2010]:

Ψ(~re, ~rh) = N−1/2 exp
(
i ~K ~R

)
φ(‖~r‖), (1.2)

where ~K = ~ke + ~kh is the exciton wavevector and N is the unit cell volume. The
ground state of an exciton is described with a wavefunction analogous to the wave-
function of the 1s state of hydrogen atom:

φ(‖~r‖) =
1√
πa∗B

3
exp

(
−‖~r‖
a∗B

)
(1.3)

where a∗B = ~2ε
µe2

is the excitonic Bohr radius. Here, e and ε = ε0εr are the fun-
damental electric charge and the effective dielectric constant of the semiconductor,
respectively, while µ is the reduced excitonic mass, related to the effective masses
of the electron and hole as:

1

µ
=

1

m∗e
+

1

m∗h
(1.4)

In a material with the band gap energy Eg, the energy of the nth excitonic level has
a following form:

En( ~K) = Eg +
~2 ~K2

2M
− R∗

n2
. (1.5)

The second term in the Equation 1.5 corresponds to the kinetic energy of the ex-
citonic center of the mass, while the last term is the exciton binding energy, equal
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to the effective Rydberg constant R∗ for the n = 1 ground state. A typical plot
of En( ~K) dependence from Equation 1.5 is presented in Fig. 1.1 (a), for the values
of n from 1 to 3. For excitons in semiconductors, the continuum of states with
energy closest to the band gap can be considered as effectively ionized [Yu 2010].
According to Equation 1.5 and Fig. 1.1 (a), the excitonic lines in the optical spectra
are observed below the band edge. This is schematically presented in Fig. 1.1 (b),
which compares the absorption spectra with and without excitonic effects.

Figure 1.1: (a) The energy states of an exciton showing both its lowest states of
n = 1 to 3 and the continuum states. Eg is the bandgap and R∗ the exciton
binding energy. (b) Comparison between the absorption spectra in the vicinity of
the bandgap of a direct-gap semiconductor with (solid lines) and without (broken
curve) excitonic effects. After Reference [Yu 2010].

Apart from the dielectric screening, the exciton binding energy is also modified
by the ratio of the excitonic reduced mass µ and the rest mass of the electron
m0. Therefore, the effective Rydberg constant R∗ is related to the atomic Rydberg
constant Ry = −13.6 eV as:

R∗ = Ry · µ

m0ε2
r

. (1.6)

The exciton binding energies in semiconductor materials usually vary from a few to
tens of meV, e.g. 4.9 meV in GaAs and 59 meV in ZnO [Yu 2010]. In the organic-
inorganic perovskites, the values of exciton binding energies remains controversial,
as the reported results are in the range of 2 − 80 meV [DInnocenzo 2014, Lin 015,
Miyata 2015].

The ratio of the exciton binding energy to the mean thermal energy, ET = kBT ,
determines the nature of the photocreated carriers. If R∗ is smaller than ET , which
is around 25 meV at the room temperature, the fraction of the electrons and holes
bound as the excitons is small when compared to the population of free carriers.
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This has a particular significance for the photovoltaic devices, where the efficient
extraction of the photoexcited carriers substantially contributes to the photon con-
version efficiency. In contrast, if R∗ > ET , the electron-hole pair remains bound by
the Coulomb interaction.

Apart from the neutral excitons, more complex excitonic systems can be formed
in the semiconductors. The electrically neutral potential traps, such as the intrinsic
or intentionally introduced impurity atoms or defects, capture the free excitons. Due
to such localization, a free exciton becomes a bound exciton [Pelant 2012, Yu 2010].
If the binding impurities are not electrically neutral, the Coulomb interactions with
the electron-hole pair further increases the binding energy. Therefore, as in e.g. the
luminescence spectra of GaAs, the bound excitons are detected at energies lower
than the free exciton, and the emission energy of the excitons bound on the charged
impurities is lower than those formed on electrically neutral traps.
Due to the large Bohr radius of the Wannier-Mott excitons, the cross section for the
localization on the impurities is high. Therefore, the photoluminescence spectra can
be dominated by the bound exciton emission even for materials with a low impurity
level.

In a semiconductor which is doped n- or p-type (with excess of free carriers),
the charged excitons (also known as trions) can be created. When compared to the
neutral exciton, the trions have an additional electron or hole, thus their net charge
is −e (negative trion) or +e (positive trion). The existence of charged excitons
has been predicted by Lampert [Lampert 1958] with a suggested first demonstra-
tion in bulk silicon and germanium [Kawabata 1977, Thomas 1977]. However, as
the binding energy for the additional charged particle is relatively low, the con-
finement resulting from a reduced dimensionality of the semiconductor structure is
crucial for the observation of the trions. The first observation of spectrally well-
resolved absorption lines corresponding to the trions has been reported in mod-
ulation doped CdTe quantum wells by Kheng et al. [Kheng 1993]. Apart from
the quantum wells, the trions have been observed in low-dimensional structures as
quantum dots [Kossacki 2000, Jha 2009, Gong 2015], and two dimensional transi-
tion metal dichalcogenides [Mak 2012, Mitioglu 2013]. Another excitonic complex
characteristic for the low-dimensional structures is a biexciton, a state composed of
two neutral excitons, observed at high excitation power densities [Kalt 2013].

1.2 Perovskite structure

The perovskites are a class of compounds which have the same crystal structure as
calcium titanate (CaTiO3), the mineral originally named perovskite. The general
chemical formula of perovskites is ABX3, as the unit cell consists of two cations (a
large cation A and smaller cation B) and three anions, denoted by X. A remark-
able perovskite material is lead zirconate titanate Pb[ZrxTi1−x]O3, known also as
PZT, a ferroelectric compound which has dominated the industry of piezoelectric de-
vices [Uchino 2015]. The perovskites are also investigated, among other applications,
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as superconductors [He 2001, Gordon 2016] or topological insulators [Haldane 1988,
Jin 2012].

The perovskite structure in its simplest, cubic form, is schematically presented
in Fig. 1.2. Such structure can be described as cubic close packed lattice of A and
X ions, with B ions in a 6-fold coordination, as they are located at the octahedral
vacancies of the X ions [Johnsson 2007]. Therefore, the B and X ions form a grid of
corner-sharing BX6 octahedra, with the A cations incorporated inbetween the grid.
The A cation is then surrounded by cuboctahedron of anions (12-fold coordination).

Figure 1.2: The ideal cubic perovskite structure: corner-sharing BX6 octahredra (B
= blue spheres, X = red spheres) and the A cation (violet sphere) in the center of the
unit cell in 12-fold cuboctahedral coordination. After Reference [Johnsson 2007].

In the ideal perovskite cubic structure, the length of the unit cell a is equal to:

a =
√

2(rA + rX) = 2(rB + rX), (1.7)

where rA,B,X are the ionic radii of A,B and X ions, respectively. However, this iden-
tity relation is not fulfilled for the majority of perovskite compounds. This causes
a tilt or rotation of the BX6 octahedra in order to fill in the space. As a result, the
symmetry of the crystal structure is lowered. Two examples of such distorted lat-
tices, orthorhombic and tetragonal, are schematically shown in Fig. 1.3 (a) and (b),
respectively. The undistorted cubic structure for comparison is shown in panel (c).
In order to determine the degree of distortion, a parameter named Goldschmidt’s
tolerance factor t [Johnsson 2007, Amat 2014, Kieslich 2015] is commonly used:

t =

√
2(rA + rX)

2(rB + rX)
. (1.8)
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Figure 1.3: The crystal structures of the (a) orthorhombic, (b) tetragonal and (c)
cubic phases of MAPbI3. The upper and lower panels are oriented through <

100 > and < 001 >, respectively. The PbI6 octahedra are shaded grey. After
Reference [Brivio 2015].

It is a ratio of the lengths of the unit cell from Equation 1.7. The SrTiO3 is an
ideal cubic perovskite with t = 1 [Johnsson 2007]. The cubic structure is expected
to be stable in the range of 0.89 < t ≤ 1. For lower values of t, the perovskites
form the tetragonal 0.81 < t < 0.87 and orthorhombic t < 0.81 structures. The
hexagonal phase occurs for t > 1 (e.g. BANiO3) [Johnsson 2007]. It should be
noticed, that Goldschmidt’s tolerance factor is only a rough approximation for the
distortion effects. As this parameter considers exclusively the ionic bonds, it be-
comes highly inaccurate in the case when the molecules are incorporated into the
perovskite lattice [Johnsson 2007, Amat 2014, Kieslich 2015].

Moreover, the relative cation size is only one of the factors influencing the lat-
tice symmetry. Among the others are e.g. the distortions due to deviation from
the ideal ABX3 formula. This is most common in the perovskite oxides, where due
to oxygen vacancies, less symmetric structures are formed instead of the BX6 oc-
tahedra [Vidyasagar 1985, Yang 2003]. Also, in perovskites with transition metal
ions incorporated in the B position, the Jahn-Teller effect can be observed if the d
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orbitals are unevenly occupied. This results in the elongation of the BX6 octahedra,
leading to their rotation, as observed in LaMnO3 [Johnsson 2007, Aguado 2012].

It is also important to note that the perovskite structure depends on the tem-
perature. Due to the differences in the temperature evolution of particular lattice
constants, the level of distortion changes, inducing transitions between different
crystal structures. As an example, BaTiO3 exhibits three phase transitions (con-
secutively the rhombohedral, orthorhombic, tetragonal and cubic phases) between
-90 ◦C and 120 ◦C [Johnsson 2007]. The temperature dependence of the crystals
structure of organic-inorganic perovskites is further discussed in Section 1.3.3.

1.3 Hybrid perovskites

In the hybrid perovskites, the large cation (A in the ABX3 general formula) is an
organic molecule. The most common organic compounds are Methylammonium
(MA: CH3NH+

3 ) or Formamidinium (FA: CH(NH2)+2 ). Usually, the lead ions Pb2+

are incorporated in the small-cation B positions (lead-free materials, containing tin,
B=Sn2+, have also been investigated [Noel 2014, Anaraki 2016]). The X positions
are occupied by the anions of group VII halides (Br−,Cl−,I−), either in homoge-
nous or mixed compositions. The most recognized representative of this family is
MAPbI3, used for the first demonstration of a perovskite solar cell [Kojima 2009].
This widely investigated compound is now being surpassed by newly synthesized
materials, as the large number of available combinations in the ionic content allows
an advanced tailoring of the perovskites’ properties [Amat 2014, Hoke 2015], which
will be briefly discussed below.

1.3.1 The role of halides: the inorganic cage

In hybrid perovskites, the conduction and valence band originate from the or-
bitals of the inorganic lattice [Umebayashi 2003]. Therefore, the chemical com-
position of the octahedral anionic cage has a significant impact on the electronic
properties of perovskites, in particular, the band gap energy. Substitution- par-
tial or total - of the halide anions in the perovskite lattice with lighter halides
(thus, the elements of higher electronegativity), results in an increase of the band
gap [Kulkarni 2014, Hoke 2015, yi Huang 2016]. Such an evolution of the band gap
energy is demonstrated in Fig. 1.4, which contains a photograph of the Methylam-
monium - based photovoltaic devices of different halide content. This figure shows
a sequential change from pure tri-iodide to pure tri-bromide from left to right, with
corresponding absorption coefficients as the function of wavelength/energy. The
MAPbI3 has a band gap Eg ' 1.6 eV, which blue-shifts to the visible range as the
iodine ions are gradually substituted with bromine (Eg ' 2.2 eV for MAPbBr3).
Introducing the lightest chlorine ions, it is possible to increase the band gap even
to the UV range (Eg ' 3.1 eV for MAPbCl3 [Suarez 2014]).

The influence of the halide composition on the lattice parameters reflects in
the size-induced alignment of the BX6 octahedra, leading to changes in the crystal



10 Chapter 1. Introduction

Figure 1.4: Absorption coefficient of MAPb(BrxI1−x)3 Inset: photograph of
MAPb(BrxI1−x)3 photovoltaic devices from x = 0 to x = 1 (left to right). Reprinted
from Reference [Hoke 2015].

structure. The bromide compounds are cubic at the room temperature, while the
iodides, which have larger octahedra, form the tetragonal [Noh 2013, Eperon 2014a]
or trigonal [Amat 2014] phase. In the family of Formamidinium based compounds,
FAPbBr3−xIx, the transition to the tetragonal phase occurs at an iodine content of
around x = 0.6 [Eperon 2014a].

1.3.2 The role of organic cations: hydrogen bonds and octahedra
tilting

Although the organic cations do not contribute directly to electron related-phenomena,
the orientation and symmetry of the organic molecules play a significant role in de-
termining the disorder of the perovskite structure. The effects of substitution of
Methylammonium with Formamidinium cations have been discussed by Amat et
al. [Amat 2014]. The schematic representations of Methylammonium and Formami-
dinium molecules are shown in Fig. 1.5. The ionic radius of Formamidinium (2.79 Å)
is only slightly larger than for Methylammonium (2.70 Å). Therefore, differences in
the band gap energy - in the MAPbI3 around 0.12 eV higher than in its FAPbI3
analogue - cannot be fully justified by the different relative size. An analysis of
the lowered symmetry of the Formamidinium molecule and the distribution of the
hydrogen atoms within it suggests an enhanced ability of formation of the hydrogen
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bonds with the inorganic lattice, when compared to Methylammonium. Amat et
al. [Amat 2014] postulate, that the increased number of hydrogen bonds results in a
tilt of the inorganic octahedra, and therefore the FAPbI3 crystallizes in the trigonal
pseudocubic structure, as previously suggested by Pang et al. [Pang 2014]. The the-
oretical calculations of Amat et al. [Amat 2014] indicate that the trigonal structure
amplifies the Pb-like character of the conduction band. This results in an increased
spin-orbit coupling, which lowers the band gap energy.

Figure 1.5: Structure of Methylammonium and Formamidinium cations. Reprinted
from Reference [Amat 2014]

It has been also suggested that the high-frequency fluctuations in the orienta-
tion of the organic cations are followed by temporal changes in the local distor-
tion of the crystal structure (referred to as the "dynamic disorder"), which has
an influence on the electronic properties [Motta 2015, Etienne 2016]. In partic-
ular, the rotations of dipolar organic molecules induce a time - variable Rashba
splitting of the bands. Theoretical calculations, the positions of the extrema of
valence and conduction band oscillate independently in k-space on a timescale
of subpicoseconds [Etienne 2016]. Therefore, this phenomenon was proposed as
possible explanation for the long lifetimes observed in hybrid perovskites, origi-
nating from the reduced carrier recombination rate due to a periodic switching
between the direct and indirect band gap, and a favoring of the exciton separa-
tion [Motta 2015, Etienne 2016].

1.3.3 Temperature dependence of the structural properties

The entire class of organic - inorganic perovskite materials reveals similar temper-
ature dependence of the lattice structure, which can be either orthorhombic at low
temperatures, or consecutively tetragonal/trigonal and cubic, when the temperature
is raised. Therefore, a series of phase transitions, associated with the reorientation
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of the BX6 octahedra, can be observed in these compounds [Oku 2015, Frost 2016].
The temperature ranges corresponding to the particular phase transitions, on the
example of the family of Methylammonium-based compounds - MAPbI3, MAPbBr3
and MAPbCl3, are presented in Fig. 1.6.

Figure 1.6: Temperature dependence of the crystal structure in MAPbI3,
MAPbBr3 and MAPbCl3. Data after the Reference [Oku 2015], figure reprinted
from [da Silva 2015]

At the low temperature orthorhombic phase, the sublattice of the organic cations
is ordered, with their motion being limited to vibrations without a reorientation of
the C-N bonds [Ong 2015, Frost 2016]. The increasing temperature induces a rela-
tively large expansion of the out-of-plane c lattice constant, eventually enabling the
rotation of the entire organic molecule. At this point, the orientation of the organic
cations can be distributed between eight disordered states, which is followed by a
reorientation of the inorganic octahedra. This changes are associated with the trans-
formation to the tetragonal phase [Weller 2015, Ong 2015]. This first order phase
transition, reported to occur in the range between 140 K and 170 K for different
compounds (see Fig. 1.6), has a significant influence on the optoelectronic proper-
ties of hybrid perovskites. One of the consequences of the transformation from the
orthorhombic to tetragonal structure is a decrease in the band gap energy, which is
in the range of 10 - 90 meV depending of the compound [Wang 2015a, Kong 2015].
The libration of the organic molecules, quenched at lower temperatures, becomes
allowed in the tetragonal phase [Ong 2015]. As a result, the contribution of the
organic sublattice to the electric field screening increases. The resulting increase
in the low-frequency dielectric constant leads to a drop in the exciton binding en-
ergy [Even 2014b].

Remarkably, microscopic studies have revealed that in the polycrystalline films
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the phase transition between the orthorhombic and tetragonal structure does not
happen uniformly over the film. The remains of the tetragonal phase can be found
even at temperatures as low as 4 K, which is also discussed in this work. The
temperatures at which the entire film is converted to the tetragonal phase, usu-
ally attributed to the phase transition point, are similar between the different
reports. Only in the perovskite materials composed of small (< 500 nm) crys-
talline grains, the temperature of this structural transformation was shown to be
grain size dependent [Li 2016]. Depending on the compound, the phase tran-
sition was reported to develop over the temperature range of a few to tens of
Kelvin [Wang 2015a, Kong 2015]. This process has been thoughtfully studied in
the archetypal MAPbI3 [Osherov 2016]. It has been shown that in this material,
the ratio of the orthorhombic and tetragonal phase domains within the film at given
temperature depends on the direction and rate of the temperature change. The
existence of such hysteresis has been confirmed by the optical and crystallographic
studies [Osherov 2016].

The parameters of the tetragonal lattice become more isotropic with further
increase of the temperature above the phase transition point, resulting in the sec-
ond order transition to the cubic phase. This structural change can be observed
with the temperature-dependent studies of neutron [Weller 2015] or X-ray diffrac-
tion [Swainson 2003, Wang 2015b] and specific heat capacity [Onoda-Yamamuro 1990].
As shown in Fig. 1.6, the temperature of transition from the tetragonal to cubic
phase is influenced by the size of the halide atoms. The elongation of the relatively
large inorganic cage along the c axis suppresses the formation of the cubic phase in
MAPbI3 until 327 K, while the compounds containing smaller bromine and chlorine
atoms undergo this process at around 240 K and 178 K, respectively.

1.3.4 Stability of organic-inorganic perovskites

The long term stability of organic-inorganic perovskite compounds is the biggest
challenge for the perovskite-based photovoltaics. Below, we discuss the most impor-
tant factors which influence the lifetime of the perovskite-based solar devices.
The photoactive and photo - inactive phases. Some of the hybrid perovskites
can simultaneously form different polymorphic phases. This is, for example, the
case of FAPbI3, which crystallizes either in the photoactive, "black" perovskite
α-phase, or the photo inactive, "yellow" non-perovskite δ-phase [Stoumpos 2013,
Eperon 2014b]. The black phase is stable above 60◦ C; below this temperature,
it gradually converts into the photo-inactive polymorph. This process is catalyzed
by the presence of humidity [Jeon 2015]. Although the transition to the δ-phase is
reversible by annealing [Stoumpos 2013, Jeon 2015], without a permanent stabiliza-
tion of the α-phase the optoelectronic properties of FAPbI3 will constantly worsen
with the increasing number of the non-perovskite inclusions.
Air and humidity. The hybrid perovskites easily react with water and other polar
solvents [Kojima 2009]. The hydration of MAPbI3 was found to be reversible under
the dry air, however the long exposure to humidity enhances the irreversible sepa-
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Figure 1.7: (a) The structure of MAPI in its cubic phase, (b) the monohydrate phase,
CH3NH3PbI3 · H2O and (c) displays the structure of the dihydrate, (CH3NH3)4PbI6
· 2H2O. After Reference [Leguy 2015]

ration of the hydrogen iodide HI and lead di-iodide PbI2 [Leguy 2015, Yang 2015].
When accompanied by the heat, this process can degrade the MAPbI3 film within
24h [Habisreutinger 2014, Liu 2015]. Leguy et al. have revealed a two - stage char-
acter of the hydration process, which is presented in Fig. 1.7 [Leguy 2015]. When
exposed to the moisture, primarily a monohydrate phase of the perovskite is formed.
Depending on the exposure time and the level of the moisture, it can further develop
to the dihydrate phase, associated with the irreversible decay of the organic molecule
and segregation of PbI2 crystals. In agreement with this picture, the degradation
of MAPbI3 based solar cells occurs several times slower in the conditions of normal
humidity (< 50%) than when the humidity exceeds 80% [Leijtens 2015]. To protect
the perovskite films from the atmospheric moisture, several methods of encapsula-
tion with isolating or hydrophobic materials have been proposed, resulting in the
improved stability of the perovskite solar cell. Among them are the methods of
glass encapsulation, adapted from the organic photovoltaics [Habisreutinger 2014,
Matteocci 2014], or the coating of the perovskite film with a hydrophobic, polymer
hole absorber with incorporated single-wall carbon nanotubes [Habisreutinger 2014].
The encapsulation eliminates another ageing catalyst connected with the ambient
air environment, which is photooxidation [Leijtens 2015]. With the exclusion of the
tin-containing compounds [Noel 2014], the hybrid perovskites are resistant to oxi-
dation in the dark [Kim 2012].
Heat and intense light. Although the influence of the atmosphere can be reduced
with the protective or functional layers, the presence of an intense illumination and
the resulting raised temperature is unavoidable under the operational conditions of
solar cells. Even when isolated from the air, the thermal degradation of MAPbI3,
observed by mass loss, occurs already at 85 ◦C [Conings 2015]. Moreover, the lead-
halide perovskites are good conductors for the ions and ionic defects [Mizusaki 1983,
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Leijtens 2015]. The ion migration freezes out at lower temperatures [Xiao 2014,
Yuan 2015], while at room temperature and under applied bias voltage, a devel-
opment of a non-stoichiometric distribution of the ions was reported [Zhao 2015,
Zhang 2015]. Also, the illumination - induced reversible segregation of the halide
ions into bromine and iodine rich domains was observed in MAPbBrxI3−x, resulting
in the local fluctuations of the band gap energy [Hoke 2015].

The numerous attempts to limit the problems stated above have been made,
based mainly on the manipulation of the chemical composition of perovskite ma-
terials. The stability of these novel compounds is further discussed in Section 1.5,
with Section 1.5.3 being devoted to the most robust, mixed-cation materials.

1.4 Electronic properties of hybrid organic-inorganic per-
ovskites

A deep understanding of the fundamental phenomena responsible for the high pho-
ton conversion efficiencies in hybrid perovskite solar cells is required for the further,
controlled development of these materials. In this section, we summarize the lit-
erature concerning the perovskite band structure and the carrier diffusion lengths,
explaining the origins of the strong broadband absorption and the efficient extraction
of photocreated carriers.

1.4.1 Band structure

The band structure of the hybrid perovskites is commonly derived from the density
functional theory (DFT) simulations [Even 2012, Even 2014b, Umari 2014, Zhou 2014].
The selected calculations for the cubic MAPbI3, performed by Even et al. [Even 2014b],
are summarized below. These results can be extended to the room temperature
tetragonal phase due to the relevance in the symmetry analysis for the structures
with a group-subgroup relationship [Even 2014a].

A schematic view of the reciprocal space of the cubic lattice with the first Bril-
louin zone is drawn in Fig. 1.8 (a). Point Γ corresponds to the center of the Brillouin
zone, while points M and R are the centers of cube edges and vertices of the cube,
respectively. Fig 1.8 (b) presents a plot of the Fermi surface in the Brillouin zone.
This isoenergy surface (at E = −0.5 eV) connects the valleys of the Brillouin zone,
centered at the R points, with the saddle - like M points. Therefore, the holes
photocreated at the edges of Brillouin zone can migrate towards R.

The band structure calculated for the cubic phase MAPbI3 at the different points
of the Brillouin zone is shown in Fig. 1.8 (c).The conduction and valence bands are
relatively symmetric, leading to similar values of the effective masses for electrons
and holes. Two direct band gaps are found at the R (primary band gap) and M
(secondary band gap) points of the Brillouin zone. The character of the conduction
band is dominated by lead p orbitals, while the valence band consists of iodine p -
with some component of lead s orbitals [Umebayashi 2003, Even 2012, Umari 2014].



16 Chapter 1. Introduction

Figure 1.8: (a) Reciprocal space 3D view showing the first Brillouin zone. (b)
Fermi surface (E = −0.5 eV) in the first Brillouin zone Z. R and M are connected
along the zone edges, highlighting the saddle nature of the point M. (c) Electronic
band diagram of the high temperature cubic phase of MAPBI3 taking the spin-orbit
coupling into account. An upward energy shift of 1.4 eV has been applied to match
the experimental bandgap value at R. The relaxation of the carriers excited along
the M → R path is sketched. After Reference [Even 2014b].

The contribution of heavy lead atom in both valence and conduction bands enhances
the spin-orbit interaction. The resulting band splitting is more pronounced in the
conduction band, being at ≈ 1.3 eV at the R point. The corresponding value for
the valence band is ' 0.6 eV. Therefore, the spin-orbit interaction has a signifi-
cant contribution to reducing the band gap energy, thus the energy of the primary
E1/2,g → E1/2,u optical transition.1 It is also the reason behind the positive tem-

1Although the DFT calculations reproduce well the shape of the bands, the band gap values
obtained with this method are often significantly underestimated [Onida 2002]. Therefore, the
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perature coefficient of the band gap, which is in contrast with the majority of semi-
conductor materials. Due to a large volume coefficient for the thermal expansion
(' 1.35× 10−4 K−1 50 times more than in the crystalline silicon), the interactions
within the inorganic lattice are significantly weakened with increasing temperature.
The resulting increase of separation between the band extrema leads to a blue-shift
of the band gap [Huang 2013, Singh 2016].

As a result of the saddle-point nature of the M point, the carriers created by
photons of different energies at M point and along M → R path can relax towards
the R point. This is schematically presented in Fig 1.8 (c). As proposed by Even et
al. [Even 2014b], this process can be assisted by the acoustic phonons or coupling
to collective molecular rotations. As the secondary F3/2,g → E1/2,u, E1/2,g → F3/2,u

transitions are also optically allowed, is assumed that part of the carriers generated
by light at the R point can remain trapped in spin-orbit split F3/2,g and F3/2,u states.
For these states, Even et al. propose optical phonon assisted intraband relaxation
processes F3/2,g → E1/2,g and F3/2,u → E1/2,u. Such hot-carrier-cooling has been
already observed in time resolved studies of MAPBI3 [Stranks 2013].

Similar, symmetric band structures with direct band gaps were obtained from the
calculations performed for other cubic phase Methylammonium lead trihalides [Even 2014b,
Even 2014a] and for fully inorganic CsPbI3 [Even 2013]. A close analogy to the
MAPbI3 band structure has been demonstrated for MAPbCl3, reproducing band
gaps at the R and M points of the Brillouin zone [Even 2014b].

Such multivalley and multiple band gap band structure in organic-inorganic per-
ovskites explains the efficient broadband absorption reported for these compounds.
The theoretical calculations described above are confirmed with numerous measure-
ments of the absorption coefficient, which reveal the existence of both low- and
high-energy band gaps [Green 2015b, Brenner 2016]. The experimentally deter-
mined room-temperature absorption coefficient of MAPbI3 is presented in Fig. 1.9,
compared with the results obtained for c-Si and GaAs, the reference photovoltaic
materials. Due to relatively high band gap, the infrared absorption of the MAPbI3
is low. However, in the visible spectral range, where the energy density of the solar
radiation is highest, the absorption coefficient of MAPbI3 is comparable to that from
GaAs, and is more than order of magnitude larger than in Si. Therefore, the light
absorbing perovskite layers in solar cells can have relatively low thickness, which
allows to design semi-transparent photovoltaic devices.

1.4.2 Carrier diffusion lengths and mobilities

The parameter determining the ability of photocreated free carriers to move within
the crystal is the diffusion length, given by:

L =

√
eτγ

kBT
(1.9)

bands in Fig. 1.8 (b) have been shifted upwards by 1.4 eV in order to correspond to the experimental
value for the low-energy bandgap at the R-point [Even 2014b].
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Figure 1.9: Absorption coefficient α of MAPbI3 and MAPbClxI3−x compared to
other solar cell materials. After Reference [Brenner 2016].

where τ , m∗, T are the carrier recombination lifetime, the effective mass of the
carrier and the absolute temperature, respectively, and γ = eτ̄

m∗ is the mobility of
the carriers, where τ̄ is the average scattering time.

The diffusion lengths and carrier lifetimes of the order of 100 nm and 10 ns in
MAPbI3 were reported by Xing et al. [Xing 2013] and Stranks et al. [Stranks 2013].
Remarkably, for a mixed halide with meager chlorine doping, namely MAPbClxI3−x,
Stranks et al. demonstrated a significant rise in the decay time to τ ' 270 ns and dif-
fusion lengths increased to around 1 µm for electrons and 1.2 µm for holes [Stranks 2013].
This result explains enhanced photon conversion efficiencies obtained in the MAPbClxI3−x
solar cells, which can be attributed to the enlargement in the size of crystalline
grains. The carrier diffusion properties further benefit from improving the material
quality with increasing grain size from the microscopic to the millimeter range.
For such macroscopic crystals, the diffusion lengths as long as 10 µm were re-
ported [Dong 2015, Shi 2015]

In their studies, both Stranks et al. [Stranks 2013] and Xing et al. [Xing 2013]
investigated the photoluminescence decay time after the excitation pulse. They
compared the carrier lifetime in the perovskite films covered with PMMA and the
materials absorbing electrons (PCBM) or holes (Spiro-OMeTAD), commonly used
for the photovoltaic devices. The selected results of Stranks et al. [Stranks 2013]
are shown in Fig. 1.10. The presence of the carrier absorbers reduces the radiative
lifetime by up to two orders of magnitude. This is evidence that even in the films
as thick as 200 nm or more [Stranks 2013], the majority of the carriers are suc-
cessfully transferred from the photoactive material to the absorbers within several
nanoseconds2.

2The relative effectiveness of the intrinsic extraction of carriers from the perovskite layer has
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Figure 1.10: Time-resolved PL measurements taken at the peak emission wavelength
of the MAPbI3 (a) and MAPbClxI3−x (b) an electron (PCBM; blue triangles) or
hole (Spiro-OMeTAD; red circles) quencher layer, along with stretched exponential
fits to the PMMA data (black squares) and fits to the quenching samples by using
the one- dimensional diffusion model. Inset: comparison of the PL decay of the two
perovskites (with PMMA) on a longer time scale. After Reference [Stranks 2013].

On the other hand, the experimental estimations for the electron mobility in the
hybrid perovskites are only≤ 100 cm2V−1s−1 either in the thin films [Stoumpos 2013]
or high-quality macroscopic monocrystals [Dong 2015, Shi 2015]. Therefore, in the
terms of mobility, even the high quality organic - inorganic perovskites are posi-
tioned closer to the other solution-processed materials than the epitaxially grown
semiconductors, despite low effective masses [Brenner 2015].

This leads to the conclusion that the large diffusion lengths (Equation 1.9) in the

been demonstrated with the simplified, hole-absorber-free design of MAPbI3 solar cell, revealing
the efficiency of 5.5% [Etgar 2012]
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hybrid perovskites originate from the long carrier lifetimes due to the low recombina-
tion rates (see Section 1.3.2 for proposed cation-dynamics related mechanism for the
enhanced carrier lifetime). Reaching up to 10 µm, the diffusion lengths observed in
the high quality perovskites crystals are comparable to those reported for the doped
GaAs [Aukerman 1967, Edelman 1992], one of the leading photovoltaic materials,
achieving record PCEs close to 29% [Green 2015a]. Therefore, considering the car-
rier extraction efficiency, the hybrid perovskites are better than other inexpensive
low-temperature solution-processed materials, where the poor crystalline quality
is the limiting factor [Facchetti 2011, Selinsky 2013]. The diffusion lengths in the
organic conjugated compounds are of the order of only 10 nm [Haugeneder 1999,
Shaw 2008, Kroeze 2003]. Thus, the PCEs in such dye sensitized materials, suf-
fering from carrier scattering and recombination loses, are limited to 12% despite
the efficient light absorption [Wang 2015c, Han 2012, Chiba 2006]. The record PCE
recently reported for a mixed-cation perovskite device is approximately two times
higher [Saliba 2016b].

1.5 The evolution of hybrid perovskite materials

The undergoing development of hybrid perovskite materials is driven by the re-
quirements of the photovoltaic applications. Two most important aims can be dis-
tinguished:
1) Further improvement of the photon conversion efficiency (PCE) by the adjust-
ment of the band gap energy either for the single or multiple junction architecture
and optimizing the material’s optoelectronic properties and improving its morphol-
ogy.
2) Achievement of the long-term structural stability under operational conditions.

1.5.1 Towards the perovskite solar cells: the requirements for the
photoactive material

The optimal band gap energy. The band gap of silicon (1.1 eV) is considered to
be the optimal band gap for a single junction solar cell [Shockley 1961]. Therefore,
for a further increase of the PCEs in the single-junction architectures, the rela-
tively high band gaps of the hybrid perovskites (e.g. 1.6 eV in MAPbI3)) should be
tuned towards lower values by varying the ionic composition. On the other hand, a
concept of a tandem silicon-perovskite solar cell was recently proposed in order to
fully exploit the perovskites’ excellent absorption properties in the visible spectral
range [Sivaram 2015, Bailie 2015]. In such architecture, the top, thin perovskite film
cell harvests the high-energy part of the solar spectrum, while the silicon cell below
absorbs the low energy range. The combined PCEs for these tandem devices are
expected to reach 30%[Sivaram 2015, McMeekin 2016]. The current-match of both
junctions requires a perovskite band gap of 1.75 eV [Shah 1999], which, as shown
before, can be tuned to this value simply by manipulation of the halide content (see
Section 1.3.1).
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The role of the morphology: homogeneity and structural defects. The im-
portance of the material morphology in the microscopic scale has been demonstrated
with the recent studies of the high quality, millimeter-sized Methylammonium tri-
halide crystals [Valverde-Chavez 2015, Dong 2015, Shi 2015]. Grown from solution
in the epitaxial regime, these structures show significantly improved electronic prop-
erties when compared to thin films (see also Section 1.4.2) [Dong 2015, Shi 2015].
Films, due to their spin-coated nature, reveal a higher level of inhomogeneity and
larger density of defects at the surface or grain boundaries [Shkrob 2014]. Apart
from disturbing the charge diffusion properties, the non-optimized crystal morphol-
ogy results in the limited reproducibility of the perovskite solar cells. The PCEs of
the perovskite-based devices usually vary around several per cents from the average
value, even for the units fabricated in the same series [Jeon 2014].
Therefore, it is crucial to optimize both material properties and preparation tech-
niques, in order to obtain possibly uniform, defect-free perovskite thin layers.
Long-term stability of the perovskite structure. The most important mech-
anisms causing the degradation of the hybrid perovskite materials are presented in
Section 1.3.4. Sensitive to the humidity, light and raised temperatures, the majority
of the hybrid perovskites degrade within days to weeks even if incorporated into a
full solar cell architecture [Leijtens 2015]. As the commercial demand is a solar cell
stable at temperatures as high as 85◦ C over a period of 25 years [Leijtens 2015], it
is essential to develop significantly more stable perovskite materials. Moreover, this
robustness has to be combined with excellent electronic properties, resulting in the
PCEs not worse than in the silicon-based competitors.

1.5.2 The perovskite light absorbers beyond MAPbI3

With the band gap of 1.6 eV and a poor resistance towards raised temperature and
atmospheric factors, the archetypal MAPbI3 compound does not reveal the desired
properties of the photovoltaic absorber listed above. Therefore, the possibilities of
applying alternative hybrid perovskite compounds have been explored. Here, we
present several of these materials, which have been investigated in this thesis. We
briefly discuss their properties, pointing out the advantages and disadvantages with
respect to the photovoltaic applications.
The materials derived from MAPbI3. The mixed halide MAPbClxI3−x is ob-
tained through the synthesis of the MAPbI3 in the presence of chlorine-containing
precursors [Dar 2014, Deschler 2014]. As the introduced chlorine atoms are rela-
tively small and the level of doping is intentionally low, the band gap of the mixed
halide should intuitively be slightly higher than in the MAPbI3. Instead, a red-shift
of around 50 meV is observed. Additionally, the carrier diffusion lengths are larger
by an order of magnitude with respect to the MAPbI3, along with the increased size
of the crystalline grains (see also Section 1.4.2). The exact mechanism responsible
for such a significant change in the electronic properties and the amount of effec-
tively incorporated chlorine atoms are still under debate [Dar 2014, wook Park 2015,
Binek 2016]. One of the proposed explanations suggests the initial crystallization
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of the MAPbCl3 on the substrate. This induces the growth of the MAPbI3 with
modified lattice properties, resulting in a band gap value lowered towards the single-
junction optimum and improved morphology [Binek 2016]. Therefore, the efficien-
cies of such mixed-halide based solar devices exceed the results obtained for the
conventional MAPbI3 units by 2 % on average.

Encouraging results were also obtained by introducing small metal Al3+ cations
into the MAPbI3 lattice [Wang 2016]. At the doping level of 0.1%, the band gap
remains unchanged, while the increased PCE of MAPbI3:Al solar cells (the record
value of 19.1 %) results from the improved uniformity and surface smoothness in
the film [Wang 2016].

Therefore, with the proper control of the morphology and electronic properties,
there are perspectives for exceeding 20 % PCE with the devices based on iodine-
and Methylammonium-rich materials. However, it is important to note that their
thermal stability is similarly insufficient as in the MAPbI3 archetype.

FAPbI3. The perspectives for the further improvement of the electronic prop-
erties arise with the substitution of Methylammonium with Formamidinium cations
(see also Section 1.3.2). Compared to MAPbI3, the Formamidinium analogue FAPbI3
has a band gap significantly lowered towards the single-junction optimum (≈ 1.5 eV)
and diffusion lengths increased by at least the factor of two (>200 µm) [Eperon 2014b].
Moreover, this compound is capable of resisting temperatures of 160◦ C [Koh 2014].
However, the formation of the photoinactive δ-phase inclusions in FAPbI3 can-
not be completely avoided during the synthesis, and its amount increases with
time [Pellet 2014, Jeon 2015]. As a result, both absorption and carrier diffusion
properties suffer from the presence of the non-perovskite fraction, limiting the pho-
ton conversion efficiency to around 16 % [Eperon 2014b, Koh 2014].

Tri-bromides: MAPbBr3 and FAPbBr3. In contrast, the organo lead tri-
bromides MAPbBr3 and FAPbBr3, forming the cubic phase of the low distortion
level, reveal both structural stability and low degradation rate under the operational
conditions [Noh 2013, Zheng 2016]. Though, with the band gap energies of around
2.2-2.3 eV, the PCEs of solar cells based on the these materials will be significantly
worse than in the silicon devices.

Therefore, neither the archetypal MAPbI3 and its derivatives, nor the homogenous-
cation perovskite compounds can offer both durability and perspectives for the high
efficiency. A considerable progress was achieved with the stabilization of the pho-
toactive structure in the most promising candidate for the photovoltaic applications,
FAPbI3, by alloying it with the robust representatives of the hybrid perovskite fam-
ily. As further shown, the approach of combining both different cations and anions
allows to join the advantages of the pure-ion materials, while the propagation of the
factors which limit the PCEs is reduced.
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1.5.3 A key to the stability: mixed-cation mixed-halide hybrid per-
ovskites

In order to stabilize the perovskite phase of the FAPbI3, the level of the structural
distortion must be reduced, resulting in more a cubic-like character of the lattice.
This can be achieved by the partial substitution of Formamidinium with smaller
cations, like the Methylammonium molecules or caesium atoms. Following this
idea, the (FAPbI3)1−x(MAPbBr3)x alloys were intensively studied during the last
two years. Jeon et al. have reported the stabilization of the photoactive perovskite
phase already at x = 0.15 [Jeon 2015]. Soon after, the (FAPbI3)0.83(MAPbBr3)0.17

was reported as the composition of the optimal stoichiometric proportions of the
host and substituting ions [Correa Baena 2015], which has been reproduced in the
later studies [Bi 2016, Saliba 2016c, Saliba 2016b]. All this work acknowledges the
numerous advantages of such alloys over the pure FAPbI3, resulting in the superior
PCEs (the record yields 21 % [Green 2015a]) despite the bromine-induced blueshift
of the band gap to around 1.65 eV. Among these benefits are the increased photocur-
rents and small hysteresis in the J − V curves.. Moreover, the FAPbI3-MAPbBr3
compounds reveal improved crystal morphology when compared to FAPbI3, revealed
in smoother surface with reduced voids between the grain boundaries [Jeon 2015].

Consequently, the triple-cation mixed compounds containing relatively small
caesium atoms were proposed as the next step towards the ideal, undistorted cubic
structure. Saliba et al. have investigated the Csx(MA0.17FA0.83)100−xBr0.17I0.83 ma-
terials, determining the optimal caesium content at x = 0.05 [Saliba 2016b]. Such
composition leads to further reduction of the photoinactive inclusions, resulting in
superior reproducibility of the solar cells and low degradation rate [Eperon 2014a,
Saliba 2016b].

In parallel, the caesium - organic cation mixed compounds, the Cs/FA and
Cs/MA, are developed for tandem silicon - perovskite solar cell applications [Lee 2015,
Beal 2016, McMeekin 2016]. According to the studies of the Cs0.17FA0.83(BrxI1−x)3
family by McMeekin et al., the optimal 1.74 eV band gap is reached at x =

0.4 [McMeekin 2016]. The band gap energy is widened partially by the presence
of small Cs atoms with reduced bromine content. This allows to avoid the prob-
lem of structural stability and crystalline quality at around x = 0.6, where the
lattice transforms to bromide-like cubic phase [Rehman 2015]. Simultaneously, the
significance of the halide segregation (see also Section 1.3.1) is reduced.

One of the most recent works reports on the incorporation of an additional ele-
ment, rubidium, into the lattices of previously studied hybrid perovskites [Saliba 2016a].
The compound of four mixed A-cations (Cs-Rb-MA-FA) was found capable of pass-
ing the standardized durability tests required for the photovoltaic devices. Moreover,
it was suggested that the observed degradation originates from a non-optimized ar-
chitecture rather than insufficient stability of the perovskite absorber. This strongly
suggests, that the development of complex, multi-cation materials is currently the
leading trend towards the commercialization of perovskite-based photovoltaics. Nev-
ertheless, to predict the properties of newly designed compounds, a full understand-
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ing of the fundamental properties and morphology in the pioneering, prototype
compounds is required, which is the aim of this thesis.
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This chapter describes the experimental techniques used to obtain the results
presented in this thesis. In the first part, the generation of the pulsed magnetic fields
and the magneto transmission measurements are presented. In the second part, the
micro-photoluminescence measurements performed in the absence of magnetic field
are discussed.

2.1 Spectroscopy in high magnetic field

All measurements in pulsed magnetic fields have been performed in the Labora-
toire National des Champs Magnetiques Intenses (LNCMI), Centre National de la
Recherche Scientifique (CNRS), Toulouse, France. The LNCMI in Toulouse is one of
the worlds leading facilities in pulsed magnetic field generation. Pulsed techniques
allow to obtain magnetic field intensities beyond the limits of the superconducting
(22 T) and resistive DC field magnets (38 T). Currently, LNCMI produces magnetic
fields exceeding 90 T with non-destructive long pulses, and up to 150 T using the
semi - destructive, ultrashort pulses. The laboratory serves as a user facility, provid-
ing access to high magnetic fields for users from laboratories around the world. The
main research topic is solid state physics, including superconductivity and the elec-
tronic properties of semiconductors, investigated with transport and spectroscopic
methods in the temperature range from 100 mK to 300 K. Additionally, the high
accuracy measurements of magnetic birefringence of vacuum and the investigation
the atomic levels in rubidium gas for the future applications in magnetometery are
being developed.

2.1.1 Pulsed magnetic field generation

The elements of pulsed magnetic field installation in Toulouse are presented in Fig
2.1. The pulsed magnetic field is obtained by an electric discharge into a resistive
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coil. The electrical energy, prior to discharge into a coil, is stored in a capacitor bank
(Fig.2.1 (a)). The resistive coil magnets, made of copper alloy wires, are placed in
cryostats, filled with liquid nitrogen, as shown in (Fig.2.1 (b)). Inside the magnet
bore, an inner helium bath cryostat is installed, with a variable temperature in-
sert (VTI) allowing the measurements between 1.5 and 300 K [LNCMP-team 2004].
The investigated sample is inserted into the cryostat with a light transmitting probe,
which also allows the monitoring of the experimental conditions (temperature, mag-
netic field). A complete experimental setup is presented in the Fig. 2.1 (c).

Figure 2.1: (a) the 14 MJ capacitor bank (b) a resistive coil mounted in a cryostat
(c) a complete experimental setup with a probe placed in helium bath cryostat.

The 14 MJ generator (Fig.2.1 (a)) serves as the main power supply at LNCMI
Toulouse. It consists of 14 capacitor bank units, each storing up to 1 MJ energy. The
capacitors are synchronized to discharge simultaneously when the pulse of magnetic
field is triggered.

The resistive coils are designed and manufactured in-house within the LNCMI
technical workshop. The most important requirement for the coil is the ability to
survive the high magnetic pressure, which originates from the Lorentz force acting on
the charge carriers moving in the coil wire. The coil is exposed to a mechanical strain,
both tangential expansion and axial compression, proportional toB2, which limit the
value of the magnetic field that can be generated, due to the mechanical durability
of the system - for a review see Ref. [Debray 2013]. The materials and design used
at present routinely allow the generation of magnetic fields up to 70 T with a single
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coil. An energy discharge exceeding the construction limit for the particular coil
causes an abrupt burst of the magnet, resulting in a destructive explosion. To go
beyond the 70 T limit in the non-destructive long pulse experiment, magnetic fields
generated by multiple, coaxial coils are combined. At present, the magnetic field
intensities in the region of 90 T are available with a dual coil installation.

Typical temporal profiles of the magnetic field, generated with several long pulse
coils available at LNCMI Toulouse are presented in Fig. 2.2. The duration of the
single coil pulse varies from a few tens to several hundred of milliseconds, depending
on the coil size and design. The temporal profile of a dual coil magnet has a
short and a long component, associated with the discharges in the inner and outer
coil, respectively [Jones 2004], as shown with the red curve on Fig. 2.2. The dual
coil system requires two synchronized generators: 12 MJ energy from the main
generator supplies the outer coil (maximally 34 T at 700 ms pulse duration), while
the inner coil (maximally 62 T, pulse duration of 25 ms) is powered with 1.15 MJ
from the additional, 6 MJ capacitor bank [Béard 2012]. The maxima of the pulses
are synchronized, inducing 91 T in an effective 9.5 ms combined pulse. All the
results presented in this work were obtained with the 70 T magnet (the typical
temporal profiles are shown with orange and blue curves).

Figure 2.2: Temporal profiles of typical magnetic field pulses. Magnetic field as a
function of time obtained for different coil systems at the maximal energies available
for each system. The curves are offset horizontally for clarity.

The solutions used in the design of the pulsed magnetic field coils are presented
in Fig. 2.3. Panel (a) shows a copper alloy fiber of rectangular cross-section used
to wind the coil with approximately 1000 turns. The wires are additionally rein-
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forced with an outer shell of Zylon fibres. Such wires combine mechanical durability
[Spencer 2004] with low electrical resistivity, typically of the order of ρ = 10−9Ω ·m
at liquid nitrogen temperature. For a further reinforcement of the magnet con-
struction, and to minimize the impact of a possible explosion due to the magnetic
pressure, the coil is placed in a cage of metallic rods (Fig.2.3 (b)), supported by
bottom and top flanges.

Figure 2.3: The coil construction details: (a) a rectangular cross-section copper
composite wire, (b) a dual- coil magnet system in flanges and reinforcing cage, (c)
top flange with copper cooling fingers.

In order to reduce the time between the high-energy magnetic field pulses, a fast-
cooling design of the magnet has been developed [Frings 2008]. Due to the energy
dissipation caused by resistive losses in the coil wire, the temperature of the magnet
rises considerably after each pulse. For example, during the electric discharge at a
voltage of 20 kV, the temperature of the 70 T coil (resistance 50 mΩ at T = 77 K)
rises by more than 100 K. As a result, the coil resistance increases approximately by
a factor of 2. The cooling time ranges from several minutes to 3 hours, depending on
the energy of the pulse, coil type and size. The fast-cooling design uses the cooling
fingers for improved thermal contact (Fig.2.3 (c)) and vertical channels for enhanced
nitrogen circulation. As a result, the time between the 70 T pulses is shortened by
half, to around 60 minutes, which is a significant advantage for measurements. The
cooling time can be further reduced by decreasing the temperature of the liquid
nitrogen, for example by pumping.

2.1.2 Transmission measurements

In the magneto - transmission measurements, white light is passed through a sample
placed in the magnetic field. A schematic representation of the transmission setup is
presented in Fig. 2.4. The sample is mounted on a probe, which is placed in a helium
bath cryostat, inserted into the magnet bore. The available temperature range is
from 1.5 K (pumped helium conditions) to 300 K. The incoming and outgoing beams
are transmitted using optical fibres. The signal is dispersed in a monochromator
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equipped with a diffraction grating and acquired using a CCD camera, which is
synchronized with the magnetic field pulse.

Figure 2.4: Schematic representation of the setup used for transmission measure-
ments in pulsed magnetic fields.

An image of the magneto - transmission probe used for the experiments is pre-
sented in Fig. 2.5 (a). In order to avoid the formation of eddy currents in high
magnetic field, all the materials used for the fabrication of the high-field exposed
parts are electrical insulators. The lower part of the probe, which is inserted into
the magnet, consists of a 7 mm diameter rod and a ceramic sample holder. The rod
is made of low thermal conductivity (below 1 W

m·K) and low thermal expansion coeffi-
cient (less than 1% between 4 K and 300 K) epoxy fiberglass. A vertical translation
of the rod is possible thanks to a moveable o-ring, sealing the connection between
the probe and the inner cryostat. The sliding seal allows the position of the sample
to be adjusted to be exactly in the center of the magnetic field.

A close-up of the sample holder is shown in the Fig. 2.5 (b). Apart from the
optical components, a Cernox thermometer and a pick-up coil are mounted close
to the sample. The thermometer is calibrated with an accuracy of ±0.1K using a
reference Cernox and a platinum resistor. The temperature of the experiment is
monitored by a LakeShore temperature controller. The ambient temperature of the
cryostat is 77K, determined by the presence of liquid nitrogen in the outer cryostat.
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Figure 2.5: (a) The photo of the magneto-transmission probe. (b) The magnified
phot of sample holder (c) as scheme of the optical path in the holder.

In the case of low temperature measurements, the VTI is filled with helium, which
becomes superfluid when cooled down to below 2 K by pumping. Temperatures
above 77 K are stabilized with a heater, mounted inside the VTI insert of the
helium cryostat.

A pick-up coil is used to monitor the value of magnetic field in the position of
the sample as a function of time. It is formed by 100 turns of an insulated 50 µm
diameter copper wire. The voltage induced in the pick-up coil during the magnetic
pulse is the derivative of the magnetic flux. The temporal profile of magnetic field
is obtained from the integrated pick-up voltage divided by the area of the coil.
The effective area of the pick-up coil (0.00318 m2) is defined with 2% accuracy.
To measure this parameter, the pick-up coil is placed in the center of a long (≈ 1

m) calibration coil, with a known B(I) dependence. A sinusoidal magnetic field is
induced in the calibration coil using the oscillator output of a lock-in amplifier, which
also records the pick-up coil response. The area of the pick-up coil is calculated as
the linear coefficient in the V (dBdt ) dependence.

The pick - up coil is also used to exactly position the sample in the center of
magnetic field. An alternating current generated by the oscillator output of a lock-in
amplifier is applied to the pulsed field coil. The probe is moved up and down along
the magnet bore to find at the position at which the maximum of induced pick-up
signal occurs.

The optical path in the sample holder is schematically shown in the Fig. 2.5 (c)
with the dark blue dashed line. The white light is coupled to a 200 µm multimode
optical fibre and collimated by a lens (1). A set of two gold mirrors reflects the
beam to the sample space. The light transmitted through the sample is focused
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by a second lens (2) onto the 400 µm multimode fibre, which guides the signal
to the spectrometer. To obtain polarization resolved data, a circular polarization
analyzer is placed in the optical beam between the sample and lens (2). The analyzer
consists of a lambda quarter waveplate, the axis of which is rotated by (45 ± 2)◦

with respect to the axis of a linear polarizer. For each spectral region, a suitable
analyzer, with circular polarization degree of at least 90 %, is mounted. To measure
both σ± circular polarizations, the direction of the magnetic field is reversed. The
low thickness (below 0.3 mm) of the polarization optics limits the impact of the
Faraday effect. Additionally, the transmission probe was also used for temperature
dependence transmission measurements in the absence of magnetic field.

2.1.3 Temporal synchronization

As the 70 T pulse lasts only 150 ms, the time to acquire spectra at a particular
value of magnetic field is limited to several milliseconds. Therefore, the temporal
synchronization of magnetic pulse with the data collection is crucial. An example
of a spectral acquisition series recorded during a 68 T magnetic pulse is presented
in Fig. 2.6. The sequence of 30 CCD acquisitions, each lasting 3 ms (CCD trigger
is indicated by the blue line) and the pick-up coil signal (orange curve) are plotted
as a function of time. The pulse is triggered at t = 0. After the integration of the
pick-up coil signal, the temporal profile of magnetic field is obtained (black curve).
Each acquisition in the sequence can be then associated with the corresponding
magnetic field intensity, which is calculated as an average of the values recorded
at the beginning and the end of the acquisition frame. The duration of a single
acquisition cannot be below 3 ms, as the CCD triggering becomes unstable for
shorter times. The fast read-out time of the CCD detector (13 ms repetition rate
with 3 ms acquisition) enables the collection of up to a dozen spectra at different
magnetic field values during a single 150 ms pulse.

Synchronization of the magnetic field with the data collection is achieved by
setting the delay of the magnetic field pulse with respect to the start of the CCD
acquisitions. The exact value of the delay time is fixed with the precision of 0.1 ms
during a series of test pulses, where the delay is adjusted so that the maximum of
the magnetic field occurs in the middle of one of the acquisition frames (see inset in
Fig. 2.6). This ensures that a spectrum is acquired at the maximum of the magnetic
field. We use a synchronization sequence as shown in the 2.7. The CCD camera
is used as a master trigger. The measurement starts when the generator sends a
pre-trigger pulse to the CCD. Afterwards, the CCD camera produces a series of
acquisition pulses, which is passed to the waveform generator to be formed into a
TTL compatible rise signal. Simultaneously, the CCD shutter series is recorded on
the oscilloscope together with the pick-up coil signal. The delay unit retards the
TTL signal in order to record the first three acquisition frames without the presence
of magnetic field. Finally, the magnetic pulse is released by a thyristor switch.

The temporal derivative of the magnetic field varies with the evolution of the
pulse, as presented in Fig 2.6. The absolute value of this parameter is lowest at the
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Figure 2.6: Sequence of 30 CCD acquisitions (in blue) and the pick-up coil signal
(orange) during 67 T pulse, registered on the oscilloscope as a function of time.
The calculated temporal profile of magnetic field is represented by the black curve.
The inset shows the synchronization of the maximum of magnetic field with one of
acquisition frames.

maximum of the field, and at the end of the pulse, for the magnetic fields below
30 T. In these regions, the spread between the extreme values of magnetic field
occurring during a single acquisition frame does not exceed 0.5 T. In contrast, the
data collected on the rising slope of the pulse, where the spread is in the range
of 10 T, are not analyzed. Similar difficulty occurs for the intermediate values of
magnetic field for the descending slope of the pulse. Due to the rapid drop of
magnetic field from 55 T to 30 T, only one spectrum is acquired in this range.
Therefore, a 70 T measurement is typically completed with another magnetic field
pulse, with a maximum field of 50 to 52 T. Using data from both pulses, we obtain
15 spectra, separated by no more than 6T.

2.2 Micro-Photoluminescence measurements

In this section, spatially resolved µ-PL measurements are described. These measure-
ments were performed in the absence of magnetic field in the laboratories of LNCMI
CNRS, Toulouse, France, and LUMNP, Faculty of Physics, University of Warsaw,
Poland. A schematic illustration of the µPL experimental setup at LNCMI is pre-
sented in Fig. 2.8. The samples are placed in a helium gas flow optical cryostat,
working in the temperature range from 4 to 500K. The cryostat is bolted to the
computer controlled, motorized x - y translation stages, allowing two-dimensional
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Figure 2.7: The schematic diagram of synchronization sequence for optical measure-
ments in pulsed fields.

in-plane motion. The position of the stages is controlled with micrometer screws,
either manually or by automatized stepper motors. It allows a macro-scale mapping
of the sample surface with micrometer resolution. The effects of a motor backlash
(≈ 10µm) is minimized by acquiring the spectra while always scanning in the same
direction - in a similar manner as the scanning of a cathode ray tube television. The
resolution of the system is not limited by the minimal step of the motor, which is
100 nm, but rather by the 1 µm spot size of the excitation.

Free beam optics in a backscattering configuration is used. The laser beam used
for the excitation is split by a non-polarizing 50/50 cube or a dichroic filter. For
excitation and collection of the signal, a microscope objective with long working
distance (7 mm) is used. The objective has a numerical aperture of NA = 0.55
and the magnification is 50×. The size of the laser spot on the sample surface is of
the order of 1 µm. The photoluminescence signal is focused on a monochromator
slit, then dispersed by a diffraction grating and acquired by nitrogen cooled CCD
camera. The PL is excited with a semiconductor continuous wave 532 nm laser. For
the materials with a higher band gap, Optical Parameter Oscillator (OPO) pumped
by a tunable Ti:sapph laser is used for the excitation.

The µPL experimental setup in Warsaw is similar: The cryostat translation
stages have a 45 mm of travel and are controlled manually with micrometer screws.
For automatized surface mapping, the microscope objective is moved by piezo-
controlled stages with a 160 µm range. The objective of NA = 0.9 numerical aperture
has a 13 mm working distance and 100× magnification. The CDD camera is cooled
with the Peltier cell.
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Figure 2.8: Schematic drawing of the µPL experimental setup at LNCMI-T



Chapter 3

Preparation and characterization
of the samples

Contents
3.1 Description of samples . . . . . . . . . . . . . . . . . . . . . . 35

3.2 Fabrication of the samples . . . . . . . . . . . . . . . . . . . . 36

3.3 Maintaining the perovskite phase . . . . . . . . . . . . . . . . 38

3.4 Sample characterization . . . . . . . . . . . . . . . . . . . . . 40

In this chapter, we describe the fabrication of perovskite thin-film samples and
how we characterize them prior to the measurements in magnetic field. First, we
introduce the investigated compounds and the details of solution-process deposition
methods used to synthesize the samples. Then, we discuss the procedures for con-
serving the thin films in the perovskite phase and discrimination between the pristine
and degraded material. Finally, we present the results of the sample characterization,
where we investigate the dependence of the band gap energy on the temperature.

3.1 Description of samples

The studies presented in this work were performed on several representatives of
hybrid perovskite family. These were mostly recently synthesized materials, de-
veloped to improve the performance of the perovskite solar cells. We investigate
the compounds based on Methylammonium (MA = CH2NH+

2 ) or Formamidinium
(FA = CH(NH2)+2 ) organic cations. We also distinguish two main groups with
respect to the halide content: the iodine - based compounds and high band gap tri-
bromides. Among the first group are the archetypal MAPbI3, its Formamidinium
analogue FAPbI3 and the mixed halide MAPbClxI3−x. Bromine - based materi-
als are FAPbBr3 and MAPbBr3. All the samples were fabricated in the group of
Professor Henry Snaith of the Clarendon Laboratory at the University of Oxford.
The synthesis was performed by Giles E. Eperon, Thomas Stergiopoulous and Jacob
Tse-Wei Wang.

The samples investigated in this thesis are thin films of the perovskite material
deposited on glass substrates. The films are around 350 nm thick, which is com-
parable to the penetration depth of the visible light [Stranks 2013]. The thickness
is uniform across the sample, and the material is free of pinhole-like defects. The
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Figure 3.1: Photograph showing the typical Formamidinium - based samples with
different halide content.

thickness of the substrate is 1 mm. In Fig 3.1 we present a photograph of three
typical Formamidinium based samples used for our research. The differences in the
halide content - changing from pure iodine to pure bromine - are responsible for the
observed change in colour.

3.2 Fabrication of the samples

In this section, we present the techniques commonly used for the synthesis of the
perovskite thin films. We focus on the description of the most popular, spin-coating
methods, which were used to fabricate all the samples provided by the Clarendon
Laboratory. A two-step approach was applied in the case of MAPbI3 thin films, while
the rest of the investigated compounds were obtained with a one-step deposition.

Solution deposition technique: one-step approach. In this process, the
perovskite thin film is synthesized from a solution, containing the the salt precursors,
which are the halide of organic cation AX and the lead di-halide PbX2. The sequence
of procedures in the simplest, one-step approach is presented in Fig. 3.2. The organic
solvent with precursor salts is dripped onto the cleaned glass substrate. The mixture
is then uniformly spread on the substrate through spin-coating. The subsequent
anneal, in temperatures of the order of 100 ◦C, leads to the evaporation of the
solvent and formation of the perovskite film.

The simplicity of spin-coating procedure comes along with the drawbacks of
incomplete substrate coverage, leading mainly to pinhole-like defects and variable
film thickness. These problems can be reduced by the proper control of the process-
ing conditions, such as performing the film formation in nitrogen atmosphere, and
lowering the annealing temperature to below 90 ◦C [Stranks 2013, Eperon 2014a].
Moreover, the size of the grains which form the perovskite film, can be increased by
an order of magnitude, up to a few micrometers, by a rapid post-annealing procedure
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at higher temperatures [Saliba 2014].

Figure 3.2: The sequence of procedures in the one-step perovskite deposition
method. After the reference [Jeon 2014]

Solution deposition technique: two-step approach. A further improve-
ment of the film morphology and increased coverage is provided by the two-step
sequential deposition approach. In this process, the solvents with precursor salts
are spin-coated one after another, which is schematically presented for the MAPbI3
film formation in Fig 3.3. First, the layer of PbI2 is spread on the substrate and
dried. Then, the solution with MAI is spin-coated upon it, and the MAPbI3 film
then forms in several seconds.

Figure 3.3: A schematic representation of the two-step deposition method.
Reprinted the reference [Stranks 2015]

Other synthesis methods At present, several derivative or related synthesis
processes have been reported. An evolution of the two-step approach, namely the
interdiffusion method based on sequential deposition of stacked bi-layers of precursor
salts, was demonstrated to improve the surface smoothness [Xiao 2014, Chen 2014a].
The variation in the thickness can be minimized with evaporation techniques, which
also enables the design of multijunction architectures [Liu 2013, Green 2014]. An
overview on these and other current state-of-art perovskite synthesis methods is
provided in the review article of S. D. Stranks et al. [Stranks 2015].
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3.3 Maintaining the perovskite phase

Figure 3.4: A photograph showing decomposed MAPbI3 sample with yellow PbI2
precipitations.

The long-term stability of organic-inorganic perovskites has been discussed in
detail in Chapter 1, together with the factors catalyzing the degradation of these
materials. The majority of our perovskite samples can be exposed to normal atmo-
spheric conditions for several months before decomposing to the reaction precursors.
However, in order to ensure that the investigated perovskite film is preserved in the
perovskite phase, we minimize the influence of the moisture and temperature during
the storage period. The samples, which are vacuum-sealed for the transport, are
placed in a vacuum box immediately after arrival. The samples are stored under a
pressure of ≈ 10−5 bar and at an ambient temperature of 18◦ C. The perovskite films
are exposed to the atmosphere only during preparation for the experiment, which
lasts no longer than 30 minutes. The samples which have encountered any water
condensation or increased moisture are not used for the further measurements.

We also analyze the samples for the first symptoms of the decay prior to the
measurement. A visible evidence of sample degradation is the presence of the lead
di-halides is in the observed colours: yellow for PbI2 and white for PbBr2. A
picture of a decomposed MAPbI3 film, with yellow precipitations PbI2, is shown in
Fig. 3.4. After the first sign of a discrete, yellow halo was spotted in this sample,
it has been exposed to the atmosphere for 10 months, which has caused a rapid
progress in the degradation. However, if the inclusions of the di-halides can already
be observed by eye, the presence of the non-perovskite phase is already significant.
To test the condition of our samples for the early stage of decomposition we use
the low-temperature micro-PL, a technique described in Section 2.2. The micro-PL
scans along two pieces of MAPbI3 sample are shown in Fig. 3.5. Although both
pieces revealed no visible sign of PbI2 precipitations, only the spectra presented in
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Figure 3.5: A comparison of micro-PL spectra for pristine (blue) and degraded
MAPbI3.

Fig. 3.5 (a) correspond to the pure perovskite phase, while the results presented in
panel (b) indicate the partial degradation to PbI2. This leads to the presence of
multiple, narrow-line local emitters in the micro-PL spectrum, instead of the single
Gaussian-like peak. The emission from the degraded material is several tens of
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meV lower in energy than the emission from the pristine material. These lines are
attributed to the local inclusions of non-perovskite phase, which preferably collect
the photocreated carriers. Remarkably, such phenomenon can be observed only
at low temperatures, at around 120 K and below, as this trapping becomes more
efficient, when the diffusion length for the carriers decreases (see Section 5.6 for
the reference). At higher temperatures, the emission occurs through the perovskite
phase.

3.4 Sample characterization

For the initial characterization of the samples, we measure the energy of the near-
band-gap absorption as a function of the temperature. In these studies we use the
broad-band macro-transmission, performed in the absence of magnetic field with
the setup described in detail in Section 2.1.2. The experimental temperature range,
between 4 K and 300 K, covers the phase transition from the low temperature,
orthorhombic, to the higher temperature, tetragonal phase, which was already dis-
cussed in Chapter 1. This allows an exact determination of the low-temperature
phase transition point. Such a characterization is crucial prior to the high mag-
netic field measurements, which are performed in both orthorhombic and tetragonal
phase.

MAPbI3. First, we will refer to the measurements of the archetypal MAPbI3
compound. The typical transmission spectra acquired at different temperatures are
shown in Fig. 3.6 (a). The temperature is increased in steps of 5 K, reduced to
2 K in the phase transition region. The spectra, divided by the spectrum of the
lamp, are dominated by a single strong absorption minimum. Our further magneto
- transmission studies (see Chapter 4) show that this absorption corresponds to the
1s excitonic transition. We extract the absorption energies from the transmission
spectra by looking for the center of the absorption shape. These energies are plotted
as the function of temperature in Fig. 3.6 (b). With the increasing temperature,
we observe the blue-shift and broadening of the absorption resonance. The positive
temperature coefficient of the band gap is characteristic for all hybrid perovskites
(which was discussed in Section 1.4.1).

Above 145 K, we find the first evidence of the phase transition developing within
the MAPbI3 film. A second minimum, which we attribute to the absorption of
tetragonal phase (TP) inclusions is observed at the energy around 90 meV lower
than the minimum of the orthorhombic phase (OP). As the conversion from the
orthorhombic to tetragonal phase proceeds with increasing temperature, the low-
energy minimum becomes more pronounced, while the absorption corresponding to
the orthorhombic phase weakens. As can be seen in Fig. 3.6 (b), no significant
changes in the absorption energies are observed for temperatures up to 20 K above
the onset of the phase transition. At 169 K the conversion is complete, as we detect
only the absorption corresponding to the tetragonal phase. Raising the tempera-
ture above 169 K, we again observe a constant increase of absorption energy and
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Figure 3.6: (a)Typical transmission spectra for MAPbI3 measured at different tem-
peratures and (b) the energies corresponding to the observed transitions plotted as
the function of temperature. Points and dashed lines are added to ease the following
of the transitions.

broadening of its shape.
Other organic-inorganic compounds. Similar characterization measure-

ments were performed for all the investigated compounds. The spectra for other
representatives of Methylammonium and Formamidinium families are presented
Fig 3.7. As for MAPbI3, the absorption minima blue-shift and broaden with in-
creasing temperature. However, as the phase transition progresses, the separate
absorption minimum corresponding to the tetragonal phase is not detected. In-
stead, we observe a continuous change of the energy of a single absorption mini-
mum. Initially, as the material gradually converts into the tetragonal phase, this
minimum moves towards lower energies. After the turning point, when the conver-
sion is complete and the absorption energy corresponds to the tetragonal phase, a
further increase of temperature again results in the increase of the transition energy.

We can compare in detail the development of the phase transition in all the
investigated materials by analyzing their absorption energies plotted as a function
of temperature. These are summarized in Fig. 3.8. An abrupt change in the absorp-
tion energy (evidence of the low-temperature phase transition) is observed only for
MAPbI3. The difference in the absorption energies between the orthorhombic and
tetragonal phases in the MAPbClxI3−x mixed halide, of around 70 meV, is slightly
lower than the 90 meV difference observed in the pure tri-iodide. However, in the
mixed halide the phase transition develops over a temperature range of ≈ 50 K, and
is completed at a considerably higher temperature, only above 200 K. In the For-
mamidinium analogue, the FAPbI3, the conversion into the tetragonal phase also
progresses slowly, over a range of ≈ 30 K, and completes at the temperature of
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Figure 3.7: Typical transmission spectra measured at different temperatures for
(a) MAPbClxI3−x, (b) FAPbI3, (c) FAPbBr3 and (d) MAPbBr3. The data for
MAPbClxI3−x have been measured by Anatolie Mitioglou.

around 150 K. In comparison to other iodide based materials, the energy redshift at
the phase transition point in FAPbI3 is few times smaller, not exceeding 10 meV. A
similar value for the transition-induced redshift is observed in the tri-bromides. In
these high band gap materials, the phase transition develops for only around 15 K.
The turning points are at 165 K for FAPbBr3 and at 145 K for MAPbBr3. The
phase transition from tetragonal to cubic phase, which is expected in bromides at
around 240 K, does not induce any recognizable change in the transmission spectra.
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Figure 3.8: The energies of near band edge absorption as a function of temperature
for all studied materials.
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In this chapter, we present the results of magneto-transmission studies performed
on the family of organic-inorganic perovskites, based on Methylammonium or For-
mamidinium organic cations. By fitting the observed excitonic and free - electron
transitions with a hydrogen-like model and Landau levels, respectively, we determine
the values of the exciton binding energy (R∗) and reduced mass (µ). From our
low-temperature studies we conclude that in all investigated materials R∗ is smaller
or comparable with the mean thermal energy at room temperature. Moreover, the
exciton binding energy is found to decrease at high temperatures. Therefore, the
photo-created carriers in the perovskite-based devices can be considered to be ther-
mally ionized at room temperature. Finally, we show that both R∗ and µ scale linearly
with the band gap of the material. The results presented in this chapter have been
published in Environmental & Energy Science 6, 245442 (2016).

4.1 Introduction

The basic electronic parameters in organic-inorganic perovskites, such as exciton
binding energy R∗ and reduced mass µ, have been the object of intense debate in
the literature. The value of R∗ determines the nature of photo created carriers and is
therefore a matter of special interest for photovoltaics. However, either the pictures
of bound or fully ionized carriers in the iodine-based perovskite compounds have
been proposed basing on various indirect experimental methods. While the mean
thermal energy at the room temperature is kBT ' 26 meV, values of R∗ as low as
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2 meV were reported in the studies of the optical constants (n, k) [Lin 015]. In con-
trast, the temperature dependence of the absorption band edge has lead D’Innocenzo
et al. to estimate a much larger value of R∗ ' 50 meV [DInnocenzo 2014]. In 2015,
Miyata et al. using magneto-transmission measurements have demonstrated that the
exciton binding energy in the archetypal perovskite photovoltaic compound MAPbI3
is at the lower end of that range [Miyata 2015]. In magnetic field, they observed up
to seven electronic transitions, originating from excitonic and free electron states,
which allowed to directly determine the low-temperature, upper bound for R∗ to
be equal to 16 meV. This value was found to further decrease to around 10 meV in
the higher temperature, tetragonal phase [Miyata 2015]. In agreement with recent
theoretical calculations [Even 2014b], this result proves that at room temperature
no additional energy is required to separate the photoexcited carriers. The earlier
magneto-spectroscopy on MAPbI3, first demonstrated in 1994, revealed the evolu-
tion of only the 1s excitonic state in magnetic field [Hirasawa 1994, Tanaka 2003].
However, as it will be further shown in this chapter, only the observation of multiple
excitonic transitions (in particular, both 1s and 2s) and the transitions between the
Landau levels enables the direct and precise measurement of R∗ and µ, which makes
magneto - spectroscopy superior to other, indirect methods.

In this work, we extend the magneto - transmission studies on organic-inorganic
perovskites to other, newly synthesized materials of this family. We investigate
the dependence of the exciton binding energy and reduced mass on the material
composition and band gap. We perform the first magneto - optical studies on the
materials containing the Formamidinium organic cation and the high band gap tri-
bromides. The band gaps for the studied materials range from 1.5 eV to 2.3 eV. For
each of them, we determine the exciton binding energy and reduced mass for both the
low temperature, orthorhombic phase, and the high temperature tetragonal phase.
In all investigated compounds, the exciton binding energies are less or comparable
to the mean thermal energy at room temperature. We also find that both the
exciton binding energy and the reduced mass increase proportionally to the energy
of the band gap. Moreover, the values of the reduced mass are consistent with a
simple two band k.p perturbation approach for the band structure. Importantly,
these conclusions can be generalized to predict the values of the reduced mass and
binding energy for the other members of the family of hybrid perovskites.

4.1.1 Electronic transitions in magnetic field

This section gives a brief introduction to the influence of magnetic field on the
interband optical transitions observed in bulk semiconductors. The magnetic field
interacts with the orbital motion and the spin of the electron, resulting in a shift of
the energy levels and a splitting of the spin states. Below, we summarize the theory
of magnetic field evolution of the energy of free carrier and free exciton levels in
the presence of a magnetic field. We limit our considerations to the effective mass
approximation near the extrema of the parabolic, spherically symmetric bands.
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Free charged particles in a magnetic field

Following the original approach of Landau [Landau 1977], the Hamiltonian of ele-
mentary electronic charge e in a magnetic field can be expressed as:

Ĥ = Eg +
1

2m∗
(p̂− eÂ

c
)2

where Eg is the band gap of the material, and Â is an electromagnetic vector po-
tential related to the magnetic field through ~B = ∇× Â. Here, p̂ is the momentum
operator, while m∗ is the effective mass of the carrier. The first term in the brack-
ets refers to the translational kinetic energy of the particle, while the second term
describes the interaction with the magnetic field. Assuming the magnetic field is
applied along the z - axis, ~B = Bêz, we choose the Landau gauge:

Â =

 0

Bx

0


where the non zero element is a product of the magnetic field intensity and the x
component of the position operator. The resulting Hamiltonian can be written as
follows:

Ĥ = Eg +
p̂x

2

2m∗
+

1

2m∗
(p̂y −

eBx̂

c
)2 +

p̂z
2

2m∗

As this Hamiltonian does not contain the y and z coordinate components of the po-
sition operator explicitly, it commutes with p̂y and p̂z operators, which can therefore
be replaced by their eigenvalues, ~ky,z:

Ĥ = Eg +
p̂x

2

2m∗
+

1

2m∗
(~ky −

eBx̂

c
)2 +

~2kz
2

2m∗

Introducing the cyclotron frequency, ωc = eB
m∗c , the Hamiltonian can be further

simplified:

Ĥ = Eg +
1

2m∗
p̂x

2 +
1

2
m∗ωc(x̂−

~ky
m∗ωc

)2 +
~2kz

2

2m∗
(4.1)

In this form, the Hamiltonian describes a harmonic oscillator in x direction and
free motion along the z-axis. The shift of the harmonic potential minimum position
by x0 = −(

~ky
m∗ωc

) does not influence the energies of quantum harmonic oscillator.
Thus, the energies of the free particle in the magnetic are given by:

E(n, kz) = Eg + ~ωc(n+
1

2
) +

~2kz
2

2m∗
n = 0, 1, 2, 3... (4.2)

The kinetic energy dispersion along the z-axis leads to a density of states with Van
Hove singularities rather than discrete Landau levels. We will limit our consideration
to kz = 0, reducing 4.2 to:

En = Eg + ~ωc(n+
1

2
) n = 0, 1, 2, 3... (4.3)
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The harmonic oscillator energy term in 4.3, ~ωc(n+ 1
2), corresponds to the cyclotron

motion in a circle in the xy-plane, about the center in (x0, y0) = (− p̂y
m∗ωc

,− p̂x
m∗ωc

).
As Equation 4.1 does not contain the y component of momentum operator, p̂y can
assume a continuous sequence of the values. Therefore, the states En, called Landau
levels, are degenerate. This degeneracy is finite, when motion in the xy plane is
limited to a finite area A = LxLy. The maximal number of electrons on each
spin Landau level is then limited to the ratio of magnetic flux to the fundamental
quantum of flux:

N =
Φ

Φ0
=

BA

h/2e

Each of the Landau levels is doubly degenerate with respect to spin, which will be
discussed further.

Figure 4.1: A schematic view of the Landau levels in the valence and conduction
band. The interband absorptions are marked with arrows.

A schematic representation of Landau levels for n 6 3 in the valence and conduc-
tion bands is shown in Fig. 4.1. The black arrows indicate the absorption interband
transitions between the corresponding Landau levels, allowed by the ∆n = 0 se-
lection rule for dipole allowed transitions in hybrid perovskites. The energy of the
measured free-electron absorption is the difference of the energies of the Landau
levels in the valence and conduction band, characterized by the same value of n.
The cyclotron frequencies for the valence and conduction band, given by ωvc = eB

m∗
hc

and ωcc = eB
m∗

ec
, respectively, correspond to different effective masses of hole m∗h and

electron m∗e. Using Equation 4.3, the energy of the intraband transition will be then
equal to:

En = Eg + ~(ωcc + ωvc )(n+
1

2
) = Eg + ~ωrc (n+

1

2
) n = 0, 1, 2, 3... (4.4)
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with ωrc = eB
µc .

Free excitons in a magnetic field

We now turn to the influence of magnetic field on a photocreated electron-hole
pair interacting via the Coulomb force, namely the exciton (see Section 1.1 for the
reference). In analogy to the hydrogen atom, the energy of the nth 3D excitonic
level in the absence of magnetic field scales as:

En = Eg −
R∗

n2
. (4.5)

where R∗ is the effective Rydberg constant. Compared to the case of the free
particle, the Hamiltonian for an exciton in a magnetic field contains an additional
term, corresponding to the Coulomb interaction between the electron and hole:

Ĥ = Eg +
1

2µ∗
(p̂− eA

c
)2 − e2

εeff‖~r‖
(4.6)

where ~r = ~re − ~rh is the relative position of electron and hole. This Hamiltonian
can be expressed in cylindrical coordinates (ρ, φ, z), r =

√
ρ2 + z2. The ~B = Bêz

condition is now fulfilled by a choice of a cylindrical gauge Â = 1
2( ~B × ~r). Finally,

we obtain:

Ĥ = Eg +−∇2 − 2

r
− iγ ∂

∂φ
+

1

4
γ2ρ2 (4.7)

where γ = 1
2~ωc/R

∗ is a dimensionless parameter, which is the ratio of cyclotron
energy and the effective Rydberg constant.

There are no exact analytical solutions for the hydrogen atom in a magnetic field,
therefore its energy levels have to be derived using numerical methods. The energies
of hydrogen-like states in the magnetic field, based on the variational method, were
calculated by Makado and McGill in 1986 [Makado 1986]. They solved Equation 4.7
using trial wavefunctions of defined z - parity and symmetry. Their solutions are
the energies of excitonic states En(γ), calculated for n up to 4 and a γ range from 0
to 10. En(γ) are given as the energy shifts with the respect to the band gap energy
Eg, in the effective Rydberg units.

For given values of µ and R∗, γ(µ,R∗, B) is a function of magnetic field only,
γ(B), and therefore En(γ) → En(B). This is presented in Fig. 4.2, where we use
Makado and McGill’s solutions to calculate several representative En(B) energies
relative to Eg = 0. The 1s, 2s and 2p excitonic state energies are calculated using
R∗ = 15 meV and µ = 0.1 me. Each of these states is doubly degenerate with
respect to the spin, and the lift of this degeneracy at high magnetic fields is indicated
with the solid and dashed lines. The inset presents the model for lower values of
magnetic field, where the hydrogen-like states reveal a diamagnetic behaviour. At
higher fields, the excitonic states have a linear, free-carrier-like dependence.
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Figure 4.2: The energies of 1s, 2s and 2p hydrogen - like states calculated for
R∗ = 15 meV and µ = 0.1 me. The solid/dashed lines correspond to spin up/spin
down states, respectively. The energy level of the band gap is marked with gray
dashed line. After [Makado 1986].

The Zeeman effect

Finally, we will discuss the degeneracy of the excitonic and free-electron states with
respect to spin. This has not been included in the previous considerations, as due
to the separation of variables, the spin Hamiltonian can be studied separately from
the main/orbital Hamiltonians in Equations 4.1 and 4.6. The electronic states in
both valence and conduction band are characterized by the spin quantum number
j = 1

2 , which results in two possible values mj = ±1
2 of its projection on the

quantization axis. Without the presence of the magnetic field, the energies of both∣∣1
2 ,−

1
2

〉
and

∣∣1
2 ,

1
2

〉
states are degenerate, as schematically presented in Fig. 4.3. As

further shown, applied magnetic field, interacting with the spin of the carriers, lifts
this degeneracy. The energies of

∣∣1
2 ,±

1
2

〉
states shift by the value of the Zeeman

energy:

EZ = ±1

2
geffµBB

where geff is the effective gyromagnetic factor and µB is the Bohr magneton. Fig. 4.3
shows the selection rules for optical interband transitions, fulfilling the requirement
of momentum conservation upon photon absorption ∆mj = ±1. The red and blue
arrows correspond to σ+ and σ− circularly polarized light, respectively. These
states, detected at the same energy at B = 0T, split in the magnetic field by
∆E = geffµBB.
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Figure 4.3: The Zeeman band splitting and the selection rules for both σ+ and σ−

polarizations in the magnetic field .

4.2 Low - temperature magneto-spectroscopy

The low-temperature magneto - spectroscopy studies were performed at the LNCMI
CNRS laboratory in Toulouse using a long magnetic pulse technique. The details
of the experimental setup are given in Section 2.1. The investigated materials were
iodine based MAPbClxI3−x and FAPbI3 and high band gap tri-bromides, FAPbBr3
and MAPbBr3. We measured the broadband transmission spectra using a white
halogen lamp in pumped liquid helium conditions (T ' 2 K) in magnetic fields up
to 70 T, observing multiple optical transitions for each compound.

4.2.1 Iodine-based compounds: MAPbClxI3−x and FAPbI3

First, we discuss the results obtained for the iodine - based compounds, namely
MAPbClxI3−x and FAPbI3. The measurements on MAPbClxI3−x have been per-
formed by Anatolie Mitioglou in LNCMI. Typical magneto - transmission spectra,
measured at different values of magnetic field, are presented in Fig. 4.4 (a) and
(c). This experiment was performed using polarization optics, and the blue and red
curves correspond to σ− and σ+ circular polarizations, respectively. The points and
dashed lines are added as a guide to the eye to follow the evolution of the absorption
energies in magnetic field. The spectra in panel (a) and (c) show a well developed
minimum at around 1.58 eV and 1.49 eV, respectively. As it will be later demon-
strated, these absorptions correspond to the 1s state of the neutral exciton. In the
case of MAPbClxI3−x, a second, weaker minimum develops in fields above 20 T,
around 1.6 eV, as can be seen in Fig. 4.4 (a). This transition will later be attributed
to the 2s state. Both 1s and 2s absorptions reveal a clear Zeeman splitting.
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Figure 4.4: (a),(c): typical low temperature transmission data for MAPbClxI3−x
and FAPbI3 obtained using a long pulse technique. Red and blue lines correspond
to two σ+ and σ− polarized light respectively. The blue/red points and dashed lines
are added to ease the following of the 1s and 2s transitions. (b),(d): The spectra at
different magnetic fields divided by the spectrum acquired at 0 T.

We extend the measurements into the visible light spectral range, where for the
analysis we plot the spectra in the magnetic field divided by the spectrum taken
at zero field, as shown in Fig. 4.4 (b) and (d). As the spin splitting is not well
resolved over such a large energy scale due to a limited spectral range of the used
polarization optics, these data are not polarization resolved. The first, low-energy
spectral feature visible in panels (b) - (d) is a result of dividing the signal over
the region of the magnetically shifted 1s state. Within this differential feature, we
observe the minima corresponding to the 2s state. Remarkably, in FAPbI3 this
transition is resolved only in the divided spectra, for the region of the intermediate
magnetic fields between 20 T to 45 T. For both of the compounds, we detect a
sequence of additional minima of considerably weaker absorption, which are marked
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with the arrows. These minima become more pronounced with the increase of the
magnetic field and their energy encounter larger field-induced blue-shift than the
low-energy transitions. This suggests a free electron origin of these absorptions.

4.2.2 Tri-bromides: FAPbBr3 and MAPbBr3

Complementary low-temperature studies on the representatives of the higher band
gap (2.2-2.3 eV) organic-inorganic perovskites, have been performed on the tri-
bromides, namely FAPbBr3 and MAPbBr3. For this energy range, we measure
without resolving the circular polarization. The magneto-transmission spectra for
these compounds, measured at different values of magnetic field are presented in
Fig. 4.5, where panels (b) and (d) show the spectra divided by the zero - field
spectra. As shown in Fig. 4.5 (a) and (c), the transmission spectra of tri-bromides
are also dominated by one strong minimum, which we attribute to the 1s excitonic
state. Compared to MAPbClxI3−x and FAPbI3, this resonance is approximately
three times broader, and centered at around 2205 meV for FAPbBr3 and 2270 meV
for MAPbBr3. Also, in the case of FAPbBr3, we detect another absorption for mag-
netic fields above20 T (marked in red in Fig. 4.5 (a)), analogous to the results for
MAPbClxI3−x. The energy of this minimum is approximately 2230 meV. However,
this transition, originating from the 2s excitonic state, is not observed in MAPbBr3,
even in the differential spectra. In both FAPbBr3 and MAPbBr3 a further minimum
corresponding to the n = 1 Landau level or higher excitonic transition appears at
higher magnetic fields, separated from the 1s state by around 70 meV at 50 T. Un-
fortunately, this is the highest transition observed for the high band gap compounds.
Unlike in the tri-iodides, where up to seven absorption minima are revealed in the
long pulse experiment, in tri-bromides not more than three are observed.
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Figure 4.5: (a),(c): typical low temperature transmission data taken using a long
pulse technique for FAPbBr3 and MAPbBr3. The blue/red points and dashed lines
are added to ease the following of 1s and 2s transitions, respectively. (b),(d): The
spectra at the magnetic field divided by the spectrum acquired at 0 T.

4.2.3 Analysis

To extract the binding energy and the reduced mass of the exciton from the magneto-
transmission data, we fit the observed transitions with the theoretical hydrogen-like
and free electron models presented in Section 4.1.1. The procedure of the analysis
will be presented in detail for the example of MAPbClxI3−x.

The transmission spectra for each value of the magnetic field are analyzed to
find the energies of the particular absorption minima. We perform this by looking
for the center of the absorption shape, assuming a Gaussian-like symmetry. All
data points obtained for MAPbClxI3−x - the absorption energies for both σ− and
σ+ circular polarizations, plotted as a function of the magnetic field, are presented
in Fig. 4.6 (a). An observation of the alignment of the data points allows us to dis-
criminate between the particular transitions. Already at this stage, the significant
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differences in magnetic field behaviour can be recognized. The high - energy transi-
tions shift linearly with the increasing intensity of the magnetic field. Furthermore,
the slope and separation are found to increase between the consecutive transitions.
This strongly suggests the free - carrier nature of these states. In contrast, the
low energy transitions, close to the band edge, reveal remarkably weaker magnetic
- field dependence. Its initially diamagnetic character, with an enhancement of the
magnetic-field dependence for fields above 40 T, corresponds to the hydrogen - like
behaviour, typical of free excitons.

Figure 4.6: (a) The typical data points from the long pulse (red and blue spheres
for σ+ and σ− circular polarizations, respectively) (b) the long pulse data with a
simulation of hydrogen like model (orange curves) for 1s, 2s, 2p, 3d and 4f states.
The Zeeman split transitions are shown by the solid and dashed lines. (c) The plot
from panel (b) supplemented with Mega Gauss data (black stars) and Landau level
simulations (gray lines). The value of µ is the same for free electron and hydrogen-
like model.

Thus, as the first step, we use Makado and McGill’s solutions to hydrogen-like
Hamiltonian from Equation 4.7 to fit the data. By manipulating the values of the
exciton reduced mass µ and the exciton binding energy R∗, we match the energies of
the excitonic states En(γ) with the data points. Simultaneously, we set the value of
the band gap Eg to adjust the curve describing the 1s state with the corresponding
absorption at the zero field. In the case of polarization resolved studies, we also add
the Zeeman energy term (Equation 4.3), with geff being determined by fitting the
Zeeman splitting in magnetic field, which is described in details at the end of this
section.

The results of a typical fit of the excitonic states up to n = 4 to the experimental
data points for MAPbClxI3−x are plotted in Fig. 4.6 (b) with the orange lines. The
dashed and solid lines correspond to σ− and σ+ circular polarizations, respectively.
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It is important to note that only the hydrogen-like states with n 6 3 describe
well the data, while no reliable match is possible with the same parameters for the
high energy absorptions, observed at high magnetic fields. To fit this data range,
we use the Equation 4.4 for the energies of the intrerband transitions between the
Landau levels. Here, we support the analysis with the data from extended magnetic
field range of 70-150 T , which is relevant for the free-carrier transitions. These
results were obtained by Atsuhiko Miyata in the ultrashort pulse, extreme magnetic
field Mega Gauss experiment, performed at LNCMI. These studies are based on
monochrome light transmission, performed without the polarization optics. As a
result, we neglect the Zeeman energy term in our modelling of the free electron
states.

The full fan chart for MAPbClxI3−x, now supplemented with the model of tran-
sitions between the Landau levels (gray lines) and Mega Gauss data (black stars) is
shown in Fig. 4.6 (c). The free - electron calculations are performed for the same
value of µ as used for the excitonic states, providing a good description for the
high energy transitions. Thus, by the simultaneous application of both hydrogen-
like and free electron models with agreed value for the reduced mass, it is possible
to model the magneto-transmission data over the full energy range. Similarly to
MAPbClxI3−x, in other compounds we observe usually three: 1s, 2s and 2p exci-
tonic transitions, and Landau levels up to n = 4.

As the reduced mass is the only fitting parameter for the Landau levels, the
high energy, high magnetic field transitions provide a strong constraint for the de-
termination of µ. Introducing the accurate value of µ, obtained from the modeling
of the free electron states, into the hydrogen -like model, it is possible to refine
the adjustment of R∗. However, to precisely determine the exciton binding energy,
the simultaneous observation of the 1s and 2s transitions is paramount. Both of
these states originate from the same Landau level, at same time being spectrally
well resolved from free electron transitions. According to Equation 4.5, the energies
corresponding to 1s and 2s absorption are separated by E2s−E1s = 3

4R
∗. Therefore,

adjusting the value of R∗ to reproduce the experimentally observed 1s-2s splitting,
we obtain a direct evaluation of the exciton binding energy.

We have performed similar modelling for all the compounds studied at low tem-
peratures, namely MAPbClxI3−x, FAPbI3, FAPbBr3 and MAPbBr3. The corre-
sponding fan charts, consisting of experimental data, and the simulations for both
the excitonic transitions (orange curves) and the Landau states (gray lines) are
shown in Fig. 4.7; panels (a),(b),(c) and (d) for MAPbClxI3−x, FAPbI3, FAPbBr3
and MAPbBr3, respectively. The resulting parameters: Eg, R∗, µ and geff are
collected in Table 4.1. The values for effective dielectric constant, εeff , have been
calculated from Equation 1.6. We estimate the errors by comparison of accuracy
of the fits performed with different parameters. To extend our analysis, we add
the earlier results for the archetypal MAPbI3 compound, obtained with the same
experimental and analysis methods [Miyata 2015].
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Figure 4.7: (a)-(d) Transition energies obtained from the experimental data and
results of the fit to the data for MAPbClxI3−x, FAPbI3, FAPbBr3 and MAPbBr3
respectively. The red and blue points correspond to the polarization resolved minima
in the absorption for σ+ and σ− respectively. The stars are the data obtained during
the short pulsed measurements, where polarization was not used. The long pulsed
data are also not polarization resolved for the FAPbBr3 and MAPbBr3 samples.
The results of the theoretical fit are shown by grey and orange lines. Grey lines
correspond to the interband transitions between Landau levels in the valence and
conduction bands. The orange lines show the strongly bound levels of the hydrogen-
like exciton. In (a) and (b) the Zeeman split transitions are shown by the solid and
dashed lines. Below each graph the low field and low energy part of the full fan
chart diagram is enlarged.
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2K, orthorhombic phase

Compound Eg R∗ µ εeff geff
(meV) (meV) (me)

FAPbI3 1501 14± 1 0.09± 0.01 9.35 2.3
MAPbI3−xClx 1596 14± 1 0.10± 0.01 9.85 2.3
MAPbI3 1652 16± 1 0.104± 0.01 9.4
FAPbBr3 2233 22± 2 0.115± 0.01 8.42
MAPbBr∗3 2292 25± 5 0.117± 0.01 7.5

Table 4.1: The parameters of the fit full Landau fan chart for four different com-
pounds in the low temperature, orthorhombic phase. ∗The data for the MAPbBr3
do not show a detectable 2s state and therefore have a significant error of around
±20% for R∗.

Both R∗ and µ are found to depend on the band gap, increasing as the gap
increases. The differences are particularly small between the iodides. Although the
band gap of FAPbI3 (1501 meV) is almost 100 meV smaller than for the mixed
halide, the fitting results for both materials are very similar, giving the same value
of R∗ = 14 meV. A slight distinction is observed in the reduced masses, which are
0.09 m0 and 0.10 m0 for FAPbI3 and MAPbClxI3−x, respectively.

Figure 4.8: The low temperature data and corresponding fits for FAPbBr3 (red)
and MAPbBr3 (black). The equal energy scales are the same for both compounds,
shifted to match the band gaps.

In FAPbBr3, for the band gap of 2233 meV, the increase of R∗ to 22 meV
is followed by the increase of µ to 0.115 m0. For MAPbBr3, no observation of
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the 2s transition and limited reliability of the low-field 2p state data results in
higher uncertainties of the derived parameters. For this compound, characterized
by the highest band gap Eg = 2392 meV, we estimate R∗ to be of the order of
(25 ± 5) meV and µ = (0.117 ± 10%) m0. The uncertainty of R∗ is limited due
to the accurate determination of the value of µ obtained by fitting the high field
free electron transitions (see Fig. 4.7 (d)). To further confirm the reliability of
the results obtained for MAPbBr3, in Fig. 4.8 we compare the data and fits for
MAPbBr3 and FAPbBr3. Both plots have the same scale, shifted to match the
band gap. We observe a similarity in the curve profiles and slopes, thus we conclude
that the exciton binding energy and reduced mass are indeed comparable in the
tri-bromides.

To find the exact values of the gyromagnetic factor, we investigate the difference
of energies for σ+ and σ− transitions, ∆E = Eσ

+ − Eσ− . These are plotted as the
function of the magnetic field in Fig. 4.9, for the 1s states of MAPbClxI3−x and
FAPbI3, in panels (a) and (b) respectively. The errors of ∆E are determined to be
equal to 0.5 meV for MAPbClxI3−x and 0.8 meV for FAPbI3. We fit the data points
with the Zeeman splitting term:

∆E = geffµBB

The fits are plotted in Fig. 4.9 with the red lines. We obtained geff = 2.34 ± 0.06

and geff = 2.30 ± 0.10 for MAPbClxI3−x and FAPbI3, respectively. Such values
for geff are slightly larger than reported previously [Tanaka 2003]. The data is
well reproduced by a linear spin splitting and therefore shows no evidence for a
Rashba splitting which has been suggested for some crystal structures in the high
temperature phase [Kim 2014, Even 2015].

Figure 4.9: The differences in energies of σ+ and σ− transitions, ∆E = Eσ
+ −Eσ− ,

plotted as a function of magnetic field for MAPbClxI3−x and FAPbI3 in panels (a)
and (b), respectively. The linear fits are presented with the red lines.
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4.3 High temperature magneto-spectroscopy

We extended the magneto - transmission measurements towards higher tempera-
tures, more relevant to the operational conditions of a photovoltaic device. The tem-
perature evolution of absorption spectra was discussed in details in Section 3.4. We
performed the experiment just above the phase transition point, around 150-160 K,
where the hybrid perovskites transform from the low temperature, orthorhombic,
to the high temperature, tetragonal phase. In this way, we investigate the material
of lattice parameters very similar to the parameters revealed at room temperature,
while at T ' 150 K we have the considerable advantage that the absorption min-
ima are remarkably stronger and better defined when compared to T ' 300 K (see
Fig. 3.6, Fig. 3.7). At the same time, the mean thermal energy twice smaller than
at the room temperature reduces the magnetic field threshold for the observation of
Landau levels.

For the measurements in the tetragonal phase, we used MAPbI3−xClx, FAPbI3
and FAPbBr3, the compounds for which we have determined R∗ for the orthorhom-
bic phase without significant uncertainties. Both experimental and data analysis
procedures were the same as for the low temperature studies, described in Sec-
tion 4.2.3.

Figure 4.10: The typical absorption spectra for (a) MAPbI3−xClx, (b) FAPbI3 and
(c) FAPbBr3, measured at several values of magnetic field for the high temperature,
tetragonal phase. Points and dashed lines are added to ease the following of the 1s
transitions.

The typical absorption spectra at different values of magnetic field for MAPbI3−xClx,
FAPbI3 and FAPbBr3 are shown in the Fig. (a),(b) and (c), respectively. For
each material, the temperature of the experiment is given in the corresponding
panel. Compared to T ' 2 K, the absorption minima at T ' 160 K are sig-



4.3. High temperature magneto-spectroscopy 61

nificantly broader (on average by a factor of three). Therefore, in the long pulse
measurements we detect only the 1s transition. The weaker transitions at higher
energies are not resolved due to thermal broadening. Moreover, the direct obser-
vation of higher excitonic states is further disturbed by the expected increase of
εeff [Even 2014b, Miyata 2015], resulting in a reduced spectral separation of these
states.

Similarly as in the case of low-temperature measurements, we add to our long-
pulse results the data obtained in the extreme magnetic field Mega Gauss exper-
iment, performed by A. Miyata. We plot all data points obtained with long and
short pulse techniques on fan charts in Fig. 4.11. In the analogy to Fig. 4.10, panels
(a),(b) and (c) correspond to MAPbI3−xClx, FAPbI3 and FAPbBr3, respectively.
Following the procedure for the low temperature studies, we simulate the hydrogen-
like and free electron transitions to extract the values of the exciton binding energy
R∗ and reduced mass µ. The results are drawn in Fig. 4.11, in orange for the exci-
tonic states and in gray for Landau levels. The fitting parameters are summarized
in Table 4.2.

Figure 4.11: (a)-(c) Transition energies obtained from the experimental data and
results of the fit to the data for MAPbClxI3−x, FAPbI3 and FAPbBr3, respectively.
The stars are the data obtained during the short pulsed measurements. The results
of the theoretical fit are shown by grey and orange lines. Grey lines correspond
to the interband transitions between Landau levels in the valence and conduction
bands. The orange lines represent the energy levels of the hydrogen-like exciton.

In the tetragonal phase, the interband transitions between the Landau levels are
observed only in the Mega Gauss experiment, even in the case of MAPbI3−xClx and
FAPbI3, where at T ' 2 K such transitions were detected in the long pulse even
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below 40 T. Although the number of data points is reduced, we are able to obtain
a good linear fits for the high energy transitions. Therefore, we conclude that the
values of µ increased slightly to (0.095 − 0.13 ± 0.01) m0. The biggest increase is
observed for the tri-bromide, which is in the agreement with the increase in the band
gap with respect to the low temperature value. This difference is around 60 meV for
FAPbBr3, and considerably lower (20 meV) for FAPbI3, while the band gap remains
almost unchanged for the mixed halide.

High temperature tetragonal phase

Compound Eg R∗ µ εeff Temperature
(meV) (meV) (me) (K)

FAPbI3 1521 10± 2 0.095± 0.01 11.4 140-160
MAPbI3−xClx 1600 10± 2 0.105± 0.01 11.9 190-200
MAPbI3 1608 12± 4 0.104± 0.01 10.9 155-190
FAPbBr3 2294 24± 6 0.13± 0.01 8.6 160-170

Table 4.2: The parameters of the fit of the full Landau fan chart for four different
compounds in the higher temperature, tetragonal phase.

The estimations for R∗ have larger errors, as we see no trace of absorption corre-
sponding to the 2s state in the intermediate field range of 10-65 T, where it is usually
observed. In the iodides, the exciton binding energies are found to be reduced at
the tetragonal phase to R∗ = 10±3 meV, with a corresponding increase in εeff . By
contrast, in the FAPbBr3 we estimate R∗ = 24± 4 meV, which is a slightly higher
value than measured for the low temperature, orthorhombic phase. However, it is
important to note that fitting of the low field data for the 1s state with parameters
corresponding to the high - field points is problematic. Below 50 T, the values of the
experimental points for this transition in the iodides are up to 12 meV larger than
the results of fit for hydrogen-like model, which is most visible in the absence of mag-
netic field. We attribute this differences to the low accuracy in the determination of
the 1s absorption energy to thermal broadening of absorption shape. In the temper-
ature range of phase transitions, the mean thermal energy is larger or comparable
to exciton binding energies in the iodides, thus the band-edge absorption includes
also higher and ionized states, and no single transition is resolved 4.10. A more
discrete 1s minimum is observed only in higher magnetic fields, due to the increased
separation between the states and enhanced oscillator strengths. In agreement with
this picture, the differences between the values of low-field data and the model are
less pronounced in the bromide. In this material, the exciton binding energy, thus,
the separation between the states is around two times larger, and the shape of the
absorption minimum does not change significantly in the magnetic field. Therefore,
in our analysis we mainly focus on the high-field data. However, such observations
may also indicate that the phonon contribution to the dielectric screening is reduced
in the magnetic field, as it has been discussed previously [Miyata 2015]. Thus, the
values obtained for R∗ in magneto-optical studies will be an overestimate of the
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zero-field values.

4.4 Discussion

In this section, we will perform a detailed analysis of the low- and high-temperature
magneto-spectroscopy results, included in Table 4.1 and Table 4.2, respectively. The
crucial electronic parameters - the reduced mass µ and exciton binding energy R∗

measured at the low temperature, orthorhombic phase, are plotted as a function
of the bandgap of the material in the Fig. 4.12 (a). Both parameters are found to
weakly increase with the band gap.

Figure 4.12: (a) and (b) Reduced mass and binding energy at T = 2 K as a function
of the energy gap respectively. Black (red) symbols mark results for FA (MA)
iodides (full symbols) and bromides (open symbols). Green circles show results for
the mixed halide MAPbI3−xClx. The black solid lines show a linear fit to the data.
(c) and (d) The low temperature data plot together with the values deduced for the
higher temperature tetragonal phase (with squares) for the FA (blue), MA (orange)
and mixed halide (purple) materials, measured in the temperature ranges given in
Table 4.2

The values of reduced excitonic mass in studied materials are between 0.090 to
0.117 of mass of the free electron. In particular, for iodine dominated compounds,
this range is limited to 0.095 - 0.105 m0, which is in a good agreement (µ = 0.09−
0.1m0) with the recent density functional theorem (DFT) calculations, adjusted to
fit the experimental value of the band gap for MAPbI3 [Menéndez-Proupin 2014,
Umari 2014]. As the organo-lead halide perovskites are characterized by relatively
simple band structure, a simple semi-empirical two band k.p Hamiltonian approach
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can be applied for the effective mass calculations [Even 2015]. The non - degenerate
band edges are nearly isotropic, and the effective masses in the conduction and
valence bands are similar. The effective masses for the electron and hole would be
then given by:

1

m∗e,h
=

1

m0
|(1± 2|P |2

m0Eg
)|

where 2|P |2
m0Eg

is the Kane energy, determining the strength of the optical transi-
tions [Chuang 1995], with

P =< ψV B|i~
∂

∂x
|ψCB >

being the momentum matrix element arising from k.p term, coupling electron
wavefunctions in the conduction and valence bands. Resulting from the properties
of the band structure, this element is also considered to be isotropic [Zhou 2014,
Umari 2014, Even 2012]. Following Equation 1.4, the reduced mass µ will be:

1

µ
= | 1

m∗e
|+ | 1

m∗h
| = 4|P |2

m0
2Eg

. (4.8)

The direct DFT calculations predict the Kane energy for hybrid perovskites to be
in the order of 5.3-6.3 meV [Even 2014b, Fang 2015], although more recent works,
including the spin-orbit coupling, suggest higher values [Menéndez-Proupin 2014,
Umari 2014]. A fit of Equation 4.8 to the low temperature data, presented in the
upper panel of Fig. 4.12 (a), yields the value of the Kane energy equal to 8.3 meV.
Taking into account the rise of µ values of around 10%, the estimation for the Kane
energy at room temperature is around 7.5 meV.

Remarkably, there is no strong evidence for a change in the reduced mass when
substituting Methylammonium with Formamidinium cations. We observe only small
changes in the band gap, induced by the changes in the lattice parameters, like the
octahedra tilting suggested by Amat et al. [Amat 2014].

The effective Rydberg constant turns out to be more material dependent, varying
with the band gap from 14 to 25 meV approximately as:

R∗ = 0.01× Eg

These values are around 3 times smaller than previously reported for magneto-
optical measurements, where only the 1s state was observed [Tanaka 2003]. How-
ever, these values are in a good agreement with the value of 15 meV, deduced by
Even et al. [Even 2014b] by fitting the highly resolved zero field absorption spec-
trum. The difference can then be explained by the observation of the 1s transition
only, which does not permit a direct determination of R∗. Moreover, the tempera-
ture dependent reduction of R∗, which will be further discussed, indicates that the
values measured at T = 2 K are the upper limit for the exciton binding energies
in these materials. Therefore, being less than or comparable to the thermal energy
at room temperature (' 25 meV), our low temperature results for R∗ suggest that
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in the entire family of the hybrid tri-halide perovskites the photocreated carriers
are expected to be thermally ionized at 300 K. This goes a long way to explain the
excellent efficiencies of perovskite photovoltaic devices.

The values of effective dielectric constant εeff from Table 4.1 have been derived
with a conventional formula for the effective Rydberg (Equation 1.6). The εeff ,
which takes into account the Coulomb potential screening by the lattice, is found
to be in the range of 7.5 - 9.8. between the low ε0 = 25.7 [Wehrenfennig 2014a]
and high ε∞ = 5.6 frequency values [Umari 2014, Brivio 2014]. A slight decrease
of εeff is observed with the rise of R∗ and µ, resulting from the reduction in size
of the exciton Bohr radius and changes in the lattice parameters induced by vary-
ing halide content. Such behaviour is characteristic for highly polar materials with
strong electron - phonon coupling, which was first demonstrated by Pollman and
Buttner [Pollman 1975] and by Kane [Kane 1978] for II-VI and I-VII materials. Giv-
ing an example of TlCl, a I-VII compound with comparable parameters (ε0 = 37.6,
ε∞ = 5.4, µ = 0.18 m0) it was found that εeff = 2.48ε∞. Although in perovskites
the simulations of the dielectric constant are more complicated due to the presence
of the multiple polar phonon modes, such rotational motion of the Methylammo-
nium cations, the recent results suggest again the values of εeff being intermediate
between ε0 and ε∞ [Even 2014b, Umari 2014, Brivio 2014, Wehrenfennig 2014a].

It is noticeable that the values for εeff are significantly lower for the tri-bromides,
where the higher reduced masses cause the binding energy to be larger, with a
consequent reduction in the strength of the screening. Due to the higher uncertainty
in the values of R∗ for the MAPbBr3, at present we cannot consider the significance
in the difference in εeff between the Methylammonium and Formamidinium tri-
bromides.

The results for the crucial electronic parameters obtained at low temperatures
may be now compared with our studies for the materials transformed to higher tem-
perature tetragonal phase, characterized by an enhanced symmetry. To discuss the
changes, in Fig. 4.12(b), we supplement the low temperature band-gap dependence
of µ and R, previously presented in panel (a), with the values obtained for the
tetragonal phase. The phase transition seems to have limited impact on the value of
the reduced mass µ, which has been suggested in the previous studies of MAPbI3,
where no change was observed. Although our results indicate that after the phase
transition the µ may increase by up to 10 % with respect to the 2 K values, this is
still at the limit of the accuracy of the high temperature results. We then conclude,
that the whole family of organo - lead trihalide perovskites may be described with
Equation 4.8 in the terms of single parameter - the band gap energy, regardless of
the crystalline phase or the temperature.

However, the effective dielectric constant εeff and consequently the exciton bind-
ing energy R∗ are more affected by the transformation from orthorhombic to tetrag-
onal phase. This is connected with additional collective rotational motion of the
organic cations, allowed at higher temperatures, and further increasing the screen-
ing of the Coulomb potential [Poglitsch 1987]. The reduction of the εeff in the
tetragonal phase has been suggested in several theoretical works. In a previously
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cited report of Even et al. [Even 2014b], a a value of approximately 5 meV is
proposed for the exciton binding energy in MAPbI3 in the tetragonal phase in-
dependently on the temperature. Another study with a similar approach of fit-
ting absorption spectra [Yamada 2015] suggest the gradual reduction of R∗ from
30 meV at low temperatures to 6 meV at 300 K. A decrease from 25 to 12 meV
was also reported [Soufiani 2015]. This has a further experimental confirmation in
the direct magneto-spectroscopic measurements, such as recent results of Miyata
et al. [Miyata 2015] for MAPbI3 and this work. We find the values of R∗ for the
iodide-based materials to be reduced to the range of 10± 3 meV, resulting in a rise
in εeff . Moreover, the diamagnetic shift observed for 1s state is anomalously low
when compared to the simulations (see Fig. 4.11(a),(b)), which may be an evidence
for field-dependent increase in the exciton binding energy [Behnke 1978]. Therefore,
the zero-field value of R∗ may be even smaller, of the order of 5 meV predicted by
Even et al. [Even 2014b], or less. By contrast, the FAPbBr3 shows no significant
reduction in the exciton binding energy in the higher temperature tetragonal phase,
probably because the original binding energy corresponds to a frequency which is too
high to respond to the additional screening. As a result, the low field diamagnetic
shift is close to the theoretical prediction.

4.5 Conclusions

We performed magneto-transmission studies for several representatives of organo-
lead halide perovskites, containing Methylammonium and Formamidinium organic
cations. From the studies of iodine and bromine based materials, we obtain general
relations for the exciton binding energy R∗ and the reduced mass µ, which are prin-
cipally determined by the band gap Eg for the whole family of hybrid perovskites.
With the approximated values of R∗ = 0.01 × Eg and µ

m0
=

Eg

16.6), the basic elec-
tronic properties can be easily estimated for newly synthesized compounds. There
is no evidence for a significant influence of the organic cation type other than re-
sulting from the changes in the band gap. This suggests that a simple two band
k.p perturbation should enable the accurate modeling of the properties of devices
made from materials in this system. We also demonstrate that the low temperature
values of the exciton binding energies are smaller or comparable to the thermal en-
ergy at 300 K which makes a significant contribution to understanding the excellent
performance of these devices in photovoltaic applications. For the tri-iodides, these
values fall still further in the high temperature phase of the materials probably due
to increased screening, which is not observed for FAPbBr3.
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This chapter describes the investigation of the morphology in several represen-
tatives of the organo lead halide perovskite family using spatially resolved µ-PL per-
formed at different temperatures. We demonstrate that the perovskite thin film has a
crystalline grain structure. Dark and bright grains are observed independently of the
temperature in all studied materials. We also show, that the low temperature phase
transition, from the tetragonal to orthorhombic crystal structure, is not uniform
across the perovskite film. The remains of the high temperature tetragonal phase can
be found even at very low temperatures. This suggests that the observed inhomo-
geneities result from the varying halide content, a hypothesis which is supported by
the enhanced occurrence of tetragonal inclusions in the halide-depleted regions.

5.1 Introduction

Due to their spin-coated nature, perovskite thin films have a limited uniformity [Chen 2014b,
Zhou 2014, Eperon 2014b]. The structural defects and non-stoichiometrical inclu-
sions, formed during the solvent evaporation, can adversely influence the device per-
formance. However, to date there is a limited number of investigations of the impact
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of the perovskite thin film morphology on solar cell efficiency. Only recently, the
significant inhomogeneities of the perovskite thin film, affecting their performance,
have been shown [de Quilettes 2015]. Combined scanning electron microscopy and
confocal microscopy methods were applied to study a film of MAPbClxI3−x, pro-
duced in the same way as the material used for photovoltaic devices. The film
structure revealed the presence of microcrystalline grains with size of the order of
a few micrometers. The photoluminescence intensity and the carrier lifetime were
found to strongly depend on the position across the film, as a result of the existence
of specific, dark grains. Such dark grains are characterized by an emission intensity
weakened approximately by a factor of four and a reduced carrier lifetime. The
dark grains act as non-radiative traps for the photo-created carriers, leading to a
decrease of the overall solar cell performance. As an example of a method to reduce
the number and impact of the dark grains, the substitution of Methylammonium
cations with guanidine was proposed [Marco 2016]. These results underline the im-
portance of the material morphology for the future development of perovskite thin
film technology.

In this chapter, we investigate the microscopic properties of organo-lead halide
perovskites with spatially resolved micro-photoluminescence performed at different
temperatures. We show that the presence of the bright and dark crystalline grains
is an intrinsic property of the hybrid perovskites. We also demonstrate that not
all of the grains undergo the low temperature transition from the tetragonal to
orthorhombic phase, with some grains remaining in the high temperature phase even
at T = 4 K. As this phenomenon clearly intensifies in the proximity of structural
defects, we attribute the incomplete phase transition to variations in the halide
content.

5.2 Temperature dependence studies

The µ-PL studies were performed for several Methylammonium and Formamidinium
based compounds, in the experimental setup which are described in Chapter 2. First,
the case of the archetypal MAPbI3 compound will be discussed. The µPL spectra,
typical for this material, acquired for one position on the sample in the temperature
range from 4 K to 200 K are presented in Fig. 5.1(a). At temperatures of 130 K
or above, the spectra show only a single emission peak from the tetragonal phase
(TP) [Kong 2015]. However, the picture becomes more complicated as the temper-
ature is lowered. Between 130 K and 110 K another peak appears, with an emission
energy higher by around 90 meV. This peak gains in intensity as the temperature
further decreases, becoming dominant at around 100 K. Thus, we attribute this
emission to the low temperature, orthorhombic phase (OP). At low temperatures,
below 60 K, the orthorhombic phase peak has a shoulder towards the low energy
side, at around 1635 meV, which is evidence for emission from the orthorhombic
phase bound exciton.

It is remarkable that the first observation of OP emission occurs far below the
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Figure 5.1: (a) µPL spectra, (b) transmission spectra and (c) energy of the absorp-
tion as a function of temperature for MAPbI3.

temperatures ' 150 − 160 K, where the phase transition is expected, as discussed
in the Chapter 3. Moreover, there is some evidence for the coexistence of both
phases over a temperature range of almost 30 K, as the tetragonal phase peak is
still detected at 80 K (see Fig. 5.1(a)). To further investigate the evolution of the
phase transition with temperature, complementary measurements of the absorption
were performed. The typical transmission spectra for MAPbI3 taken at different
temperatures are presented in the Fig. 5.1 (b), while panel (c) shows resulting ab-
sorption energies plotted as a function of the temperature. To precisely follow the
phase transition progress, the separation between the data points has been reduced
to 2 K in the temperature range between 150 K to 170 K. The spectra plotted in
Fig. 5.1 (b) reveal the simultaneous presence of two absorption minima, correspond-
ing to both orthorhombic and tetragonal phases. As shown in panel (c), the tran-
sition from tetragonal to orthorhombic phase causes an abrupt increase of around
90 meV in the energy of the absorption edge. Such observations have already been
reported [Wang 2015a, Kong 2015], also with the simultaneous detection of both ab-
sorption edges [Yamada 2015]. Moreover, the temperature dependence of the high
temperature phase reveals a turning point at 168 K, as we observe a continuous
band gap energy increase above this value. This leads to the conclusion that above
168 K the material is entirely in the tetragonal phase, as no trace of the OP is found
above 170 K in both transmission and the µPL studies. However, there is a signifi-
cant difference in the temperature evolution of the relative intensity of both phases
when we compare the absorption and photoluminescence results. The emission of
the tetragonal phase peak dominates the PL spectrum already at 110 K, while the
tetragonal phase absorption is detected not sooner than 145 K. It takes a further 20
K until it dominates the OP absorption, which quickly diminishes between 165 K
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and 170 K. These phenomena can be explained by a concurrent collection of photo
created carriers in grains of different crystalline phases, which is further discussed
in the Section 5.3.

Figure 5.2: (a),(b) Temperature dependence of the µPL for two different spot po-
sitions on MAPbClxI3−x corresponding to the domains of the orthorhombic and
tetragonal phases, respectively. (c) Temperature dependence of the µPL spectra for
FAPbBr3

In the case of the mixed halide material, MAPbClxI3−x, the presence of the
tetragonal phase at low temperatures is even more significant than in the pure
triiodide. In this compound, both phases can be fully resolved, leading to the
observation of areas, where exclusively one of the phases is detected. The typical
spectra acquired at two such positions, measured as a function of the temperature,
are shown in Fig. 5.2 (a) and (b). Panel (a) represents the transition from the
tetragonal to orthorhombic phase, whereas panel (b) refers to the region which
remains in the tetragonal phase even at T = 4 K. In the Fig. 5.2 (a), the tetragonal
phase emission totally vanishes below 120 K. The remaining orthorhombic phase
peak has a high energy shoulder at ≈ 1600 meV, which is attributed to orthorhombic
phase free exciton emission. Below 60 K, the intensity of the orthorhombic phase
free exciton considerably decreases, and the emission is dominated by the peak
around 1560 meV, which corresponds to the orthorhombic phase bound exciton
state. In contrast, the spectra in Fig. 5.2 (b) show the dominance of the tetragonal
phase peak, which starts already at the phase transition temperature. With further
temperature decrease, the orthorhombic phase peak is consequently weakened, and
no remains of it are found at temperatures of 30 K or below. The emission energy
of tetragonal phase peak at low temperatures is at ≈ 1525 meV, reproducing the
energy shift between tetragonal and orthorhombic phases identified at the phase
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transition temperature.

An evidence for the coexistence of different phase domains at low temperatures
is also found in the high band gap FAPbBr3. The typical µ-PL spectra measured
at various temperatures are presented in the Fig. 5.2 (c). At around 150 - 160 K
the low energy component of the high temperature emission peak is suppressed. In
contrast to the iodine based compounds, in the vicinity of the phase transition we
do not observe well resolved peaks, which can be identified with either orthorhombic
or tetragonal crystalline phases. However, the reduction of the spectral width with
decreasing temperature reveals two strong peaks, which are well resolved below 30 K.
These strongly position - dependent spectral features are separated by only around
15 meV, which is a few times less than in the case of the iodine- based compounds.

Thus, the presence of the remains of the tetragonal phase far below the phase
transition temperature is observed in all studied materials. It is a strong indication
for the inhomogeneous progress of the phase transition in perovskite films. This
complexity is interesting for further investigation with spatially resolved methods,
in order to evaluate the magnitude and size of the tetragonal phase inclusions.

5.3 Spatially resolved µ-PL at room temperature

The morphology studies performed at the room temperature are important due to
their relevance for the operation of photovoltaic devices. The results of spatially
resolved room temperature µPL for MAPbI3, MAPbClxI3−x and FAPbBr3, respec-
tively, are presented in the Fig. 5.3 (a) - (c). The color maps, each 80 × 80 µm
with a 2 µm step, represent the integrated intensity of the photoluminescence peak.
In all the samples we observe noticeable variations of the emission intensity across
the investigated areas, revealing the presence of the regions of stronger and weaker
photoluminescence. We therefore conclude, that all three compounds have micro-
crystalline grain structure, and that the recently reported presence of the dark
grains [de Quilettes 2015, deQuilettes 2016] is typical for organo lead halide per-
ovskites.

The archetypal MAPbI3 forms a relatively uniform layer, with the dominance of
bright areas (Fig. 5.3 (a)). The grain size can be estimated to between 5 and 10 µm,
and the PL intensity ratio of the bright to dark grains is around 5, similar to the ra-
tios reported in the Reference [de Quilettes 2015]. The high temperature properties
of the MAPbClxI3−x compound are very similar (panel (b)). However, the grain size
in the case of the mixed halide is considerably larger, typically around 10 - 20 µm,
which may contribute to the reported better performance of MAPbClxI3−x based
devices [Deschler 2014]. In contrast, the FAPbBr3 film (panel (c)) is considerably
less uniform. The increased number of the dark grains is accompanied by an in-
creased bright-to-dark grain emission intensity ratio, of the order of 10. The grain
size, similarly to MAPbI3, varies between 5 and 10 µm.



72
Chapter 5. Spatially resolved micro - photoluminescence studies of

organo-lead halide perovskites

Figure 5.3: Integrated intensity of the µPL peak as a function of the position for
(a) MAPbI3, spot illumination intensity 40 nW (4W/cm2), (b) MAPbClxI3−x, spot
illumination intensity 60 nW (6W/cm2), and (c) FAPbBr3, spot illumination inten-
sity 100 nW (10W/cm2), respectively at 300K. The integrated intensity increases
from white to blue. The scanning step is 2µm.

5.4 Spatially resolved µ-PL below the phase transition
temperatures

5.4.1 MAPbI3 and FAPbI3

The low temperature (T = 4 K) spatially resolved µPL for MAPbI3 is presented
in the Fig. 5.4. Panel (a) shows photoluminescence from the low temperature, or-
thorhombic phase. Similarly to the room temperature results (Fig. 5.3 (a)), the
emission is fairly uniform, with some variation on a few µm scale related to the
microcrystalline structure of the perovskite film. Nevertheless, we still observe the
dark and bright grains. Remarkably, the low energy peak, corresponding to the
high temperature tetragonal phase, accompanies the orthorhombic emission at cer-
tain positions across the sample. The typical spectra acquired for two different
positions on the sample are presented in the panel (c). The spectrum drawn with
the blue curve represents a position, where only the orthorhombic peak occurs.
The red curve corresponds to the position, where both orthorhombic and tetrago-
nal phase peaks are detected simultaneously. The difference in the emission energy
between the tetragonal and orthorhombic phase peaks is the same as the change in
the band gap observed at the phase transition temperature (see Fig. 2.5), where the
tetragonal phase absorption is lower in energy by approximately 90 meV. Although
the intensity of the tetragonal phase emission is always lower than the intensity of
dominant orthorhombic phase peak, the occurrence of the tetragonal phase peak
appears to decrease the intensity of the OP peak. The integrated intensity of the
tetragonal phase peak, indicated with the red color, is superimposed upon the inte-
grated intensity of orthorhombic phase peak in Fig. 5.4 (b). The tetragonal phase
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emission is found within rather infrequent, isolated areas of typical size of 1 to 5
µm, where the orthorhombic phase peak is usually weaker. To precisely determine,
if there is a correlation between the emission intensities of the two phases, we an-
alyze the proportions of the total emission in each peak IOP,TP

ITP +ITP
as a function of

the emission intensity of the tetragonal phase peak (ITP ). The results, presented
in Fig. 5.4 (d) reveal an anti-correlation: as the proportion of the emission in the
tetragonal phase peak (orange points) rises, the OP phase falls progressively.

Figure 5.4: Spatially resolved micro-photoluminescence for MAPbI3: (a) Integrated
intensity of the high energy (OP) peak as a function of position. The intensity
increases from white to dark blue. (b) A second map of the low energy (TP) peak is
superimposed onto the map shown in (a). The intensity increases from white to red.
(c) Typical spectra for positions where only the OP peak was observed (blue) and
where both peaks were observed (red). (d) Correlation of the integrated intensity
of the TP (orange) and OP (black) peaks versus intensity of the low energy TP
peak. All the measurements have been performed at T = 4 K, with the scanning
step 2 µm and spot illumination intensity 5 nW (0.5W/cm2).

A similar behaviour is found in a Formamidinium triiodide. The low temperature
µPL map for the FAPbI3 sample is presented in Fig. 5.5. Similarly to MAPbI3, the
intensity of the orthorhombic phase peak (indicated with the blue color in panel (a))
is relatively uniform across the sample, with isolated inclusions of the tetragonal
phase (superimposed upon the orthorhombic phase map with the red color in panel
(b)). Again, the regions of the occurrence of the emission from the tetragonal phase
are few µm in size. However, in FAPbI3, the relative intensity of the tetragonal
phase is increased, and at certain positions is comparable with the intensity of the
orthorhombic phase peak. An example of such behaviour is presented in the panel
(c), containing typical spectra, which correspond to the positions of the dominance
of the orthorhombic phase peak (the blue curve) and a significant presence of the
tetragonal phase peak (the red curve). The IOP,TP

ITP +ITP
ratios plotted in the panel (d)

confirm that both phases can similarly contribute to the total emission.
The results obtained on the triiodides strongly indicate the coexistence of two

crystalline phases at low temperatures, proving that although the majority of the
film transforms into the orthorhombic phase, certain perovskite grains remain in
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Figure 5.5: (a) Integrated intensity of the high energy (OP) peak as a function
of position for FAPbI3. The intensity increases from white to dark blue. (b) A
second map of the low energy (TP) peak is superimposed onto the map shown in
(a). The intensity increases from white to red. (c) Typical spectra for positions
where only the OP peak was observed (blue) and where both peaks were observed
(red). (d) Correlation of the integrated intensity of the TP (orange) and OP (black)
peaks versus intensity of the low energy TP peak. All the measurements have been
performed at T = 4 K, with the scanning step 2 µm and spot illumination intensity
5 nW (0.5W/cm2).

the tetragonal phase far below the phase transition temperature. The phase do-
mains collect the photo created carriers concurrently, which is revealed in the posi-
tive/negative intensity correlation. Due to the lower band gap, the micro-domains of
the high temperature tetragonal phase might preferably collect the carriers excited
in the orthorhombic phase regions, as it was suggested previously for MAPbClxI3−x
[Wehrenfennig 2014b]. This is consistent with the comparison of photoluminescence
and transmission measured as a function of temperature (see Fig. 5.2 and Fig. 5.1 ).
The tetragonal phase peak dominates the PL for temperatures significantly below
the phase transition, while remaining undetectable in absorption. The separations
of the tetragonal inclusions are typically of the order of 10 - 20 µm. This is an indi-
cation that the diffusion length in these materials remain at a comparable value until
the temperature falls below 80 K, where we can completely resolve both phases. It
also suggests the importance of the inter grain diffusion in this temperature range.
Since the diffusion lengths are expected to be proportional to

√
T at low temper-

atures, and PL is excited by the laser spot of approximately 1 µm diameter, the
low temperature maps give an upper limit to the size of the tetragonal phase do-
mains. This limit is in the range of a few µm, which is comparable with the size
of individual crystallites. However, the tetragonal domains may be even smaller.
As the perovskite materials are characterized by relatively long diffusion lengths
[Stranks 2013, Xing 2013], the excitons can be supposedly collected over compara-
ble distances even by the microscopic scale regions of a smaller band gap material.
As a consequence, these small regions can dominate the PL response without re-
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vealing a detectable absorption in the transmission measurements. Thus, the overall
proportion of the high temperature tetragonal phase, estimated with the spatially
resolved PL images to be not higher than a few per cent of the total area, may be
significantly smaller.

5.4.2 MAPbClxI3−x

We turn now to the material synthesized in the presence of chloride precursors,
namely MAPbClxI3−x. The µPL maps measured at 4 K and 150 K are presented
in Fig. 5.6. Panels (a) - (d) contain the results of the low temperature scan, while
panels (e) - (h) refer to data acquired at 150 K, over a different region of the sample.
The integrated intensity of the orthorhombic phase peak (panels (a) and (e) for 4K
and 150K, respectively) show similar structure as in the room temperature scan
(Fig. 5.3 (b)), with a grain structure of the typical size in the order of 5 - 10 µm.
However, when we superimpose the map of tetragonal phase emission upon the
OP distribution, we find a strong positive/ negative correlation between both the
phases, as presented in the panels (b) and (f). In the regions of tetragonal phase
inclusions, the intensity of the orthorhombic phase peak is significantly weakened
or completely suppressed. Furthermore, the size of the phase domains, considerably
larger than in the pure iodides, is scalable with the size of crystalline grains. This
allows the orthorhombic and tetragonal phases to be completely resolved. This effect
is especially clear at 4 K, where we practically do not observe simultaneous emission
from both phases. This anti correlation is additionally proved by the IOP,TP

ITP +ITP
ratios,

plotted in the panels (d) and (h). The positive / negative correlation of integrated
PL is clear in both cases: the maximum for the orthorhombic phase peak corresponds
to the minimum for the tetragonal phase peak.
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Figure 5.6: (a) Integrated intensity of the high energy (OP) peak as a function of
position for MAPbClxI3−x. The intensity increases from white to dark blue. (b) A
second map of the low energy (TP) peak is superimposed onto the map shown in (a).
The intensity increases from white to red. (c) Typical spectra for positions where
only the OP peak was observed (blue) and where the TP peak was seen also (red).
(d) Correlation of the integrated intensity of the TP (orange) and OP (black) peaks
versus intensity of the low energy TP peak. (a) - (d) were performed at 4K, spot
illumination intensity 0.3 nW, and (e) - (h) show the same measurements performed
at 150K, spot illumination intensity 3 nW (0.3W/cm2). The scanning step was
2 µm.

5.4.3 FAPbBr3

The results obtained for iodine based materials are supplemented by the investiga-
tion of another halide compound, a large band gap FAPbBr3. The low temperature
mapping over a 180 × 180 µm region, is presented in the Fig. 5.7. It shows that
the spatial scale of the variations in the photoluminescence intensity is remarkably
larger than these observed in the iodides or mixed halide. The phase domain struc-
ture in the bromide is seemingly independent on the grain structure of the layer,
with the domains spreading over 100 µm. As seen in the Fig 5.7 (a), the integrated
emission of the orthorhombic phase peak at 2205 meV is present only in a limited
area of the sample, while most of the film practically does not emit at this energy.
However, the emission of the tetragonal phase peak at 2190 meV, indicated with
the red color in panel (b) is complementary to the emission of the low temperature
phase. The occurrence of the tetragonal phase corresponds very well to the dark
region of the orthorhombic phase emission, while both tetragonal and orthorhombic
intensities are relatively uniform and continuous within their domains. The spectra
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from both regions are well resolved, as seen in the Fig 5.7(c). This marked posi-
tive/negative correlation is also revealed in the IOP,TP

ITP +ITP
ratios, plotted as a function

of orthorhombic phase peak intensity in the Fig. 5.7(d).

Figure 5.7: (a) Integrated intensity of the high energy (OP) peak for FAPbBr3: as
a function of position. The intensity increases from white to dark blue. . (b) A
second map of the low energy (TP) peak is superimposed onto the map shown in
(a). The intensity increases from white to red. (c) Typical spectra for positions
where only the OP peak was observed (blue) and where both peaks were observed
(red). (d) Correlation of the integrated intensity of the TP (orange) and OP (black)
peaks versus intensity of the TP peak. All the measurements have been performed
at T = 4 K, with the scanning step 2 µm and spot illumination intensity 5 nW
(0.5W/cm2).

The presence of the macroscopic domains possibly originates from a relatively
small difference between the emission energy of the two phases, which is only 15 meV.
This suggests that the difference in the band structure or the free energy between
the two phases may also be smaller, as has been shown previously [Kunugita 2015].
This would facilitate the propagation of a particular structure towards adjacent
grains, creating domains of 100 µm in size or greater.

5.5 The coexistence of crystalline phases in the proxim-
ity of strain or defects

Naturally formed defects in the perovskite thin film are the first candidates to be
considered as the cause of the observed inhomogeneities in the progression of the
phase transition. Here, we will discuss the coexistence of the orthorhombic and
tetragonal phases within damaged or strained material. In the proximity of such
defects, we observe an enhanced occurrence of the tetragonal phase at low temper-
atures, which brings further insight into the origin of domain-formation behaviour
observed in the organic/inorganic perovskites.

To investigate this, we intentionally introduced a defect in the perovskite thin
film material by exposing it to a focused laser spot. It has been shown, that photo -
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Figure 5.8: Spatially resolved micro-photoluminescence for MAPbClxI3−x in the
region exposed to the focused laser spot; T = 5 K, scanning step 2 µm: (a)-(c)
Integrated intensities across the sample for: tetragonal phase (a), bound (b) and
free (c) excitons of orthorhombic phase. (d) Photoluminescence spectrum revealing
all observed transitions.

annealing induces the migration of halide ions away from the point of exposure, in-
fluencing the PL properties of the material [deQuilettes 2016]. We scanned another
region of the MAPbClxI3−x sample, which was illuminated for several minutes with
a 532 nm laser spot of high power density (105 W/cm2) at room temperature. The
low temperature µPL for that area is presented in the Fig 5.8. A typical PL spec-
trum plotted in the panel (d) contains three emission peaks at 1535 meV, 1555 meV
and 1600 meV, attributed to the tetragonal phase, and bound/free exciton of or-
thorhombic phase, respectively. The map reveals the dominance of the OP bound
exciton across the sample (panel (b)). The center of the laser spot is a dark core
(upper right corner of the map). This region of a very weak PL is surrounded by
spots of bright emission from the tetragonal phase (panel (a)). Consecutively, we
observe ring-shaped areas where the bound and free exciton of the orthorhombic
phase dominate (panels (b),(c), respectively).

Such a distribution of the phase domains can be explained by the presence of
regions of decreased and enhanced halide content, formed during the photo anneal-
ing. We expect that the ion migration reported in [deQuilettes 2016] would cause
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a non - uniform halide distribution in the exposed area, as schematically presented
in Fig. 5.9. The intensive light creates a depleted region, surrounded by the region
with iodine excess. The crystalline phases are correlated with the halide content,
which is in agreement with the pattern of domains observed in the colour maps from
Fig. 5.8. The depleted region in the center of the laser spot has a weak photolumi-
nescence. Moving away from that center (with increasing iodine content) we observe
sequentially the rings of emission from the tetragonal phase (a), orthorhombic phase
bound excitons (b), orthorhombic phase free excitons (c). The unaffected regions are
characterized by the emission of the orthorhombic phase bound exciton. Thus, the
orthorhombic phase bound exciton emission characterizes the standard iodine con-
tent, while the presence of the tetragonal phase indicates a deficiency of the halide.
The orthorhombic phase free excitons are only dominant at low temperatures in the
regions of enhanced iodine content.

Figure 5.9: The schematic drawn of photo-annealing induced distribution of iodine
ions as a function of the distance from the point of exposure.

The picture of the emission being controlled by the iodine content is supported
by the further results of low temperature µPL mapping on the FAPbI3 sample,
shown in the Fig. 5.10. It presents a selected region in the proximity of a dark
ribbon of approximately 100 µm length, which is probably a crack or a fissure.
In comparison with the homogenous region pictured in Fig. 5.5, we observe an
intensified presence of the high temperature tetragonal phase (compare the red areas
in the panels (b) of Fig. 5.5 and Fig. 5.10), which is localized mainly at the ribbon
borders. The tetragonal phase domain grains in the proximity of the dark region
are also significantly larger than in the uniform parts of the sample. Furthermore,
the positive / negative correlation of the orthorhombic and tetragonal phase peaks
(panel (d)) is here more highlighted than in the uniform region. This observation,
featuring enhanced presence of tetragonal phase around the weakly emitting region,
can be considered as a 1D analogy to the photo annealing. This is also consistent
with the the iodine content being significantly perturbed close to the edges of cracks
formed during film deposition.
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Figure 5.10: Spatially resolved micro-photoluminescence for FAPbI3 in the proxim-
ity of a dark ribbon: (a) Integrated intensity of the high energy (OP) peak as a
function of position. The intensity increases from white to dark blue. (b) A second
map of the low energy (TP) peak is superimposed onto the map shown in (a). The
intensity increases from white to red. (c) Typical spectra for positions where only
the OP peak was observed (blue) and where both peaks were observed (red). (d)
Correlation of the integrated intensity of the TP (orange) and OP (black) peaks
versus intensity of the low energy TP peak. All the measurements have been per-
formed at T = 4 K, with the scanning step 2 µm and spot illumination intensity 5
nW (0.5W/cm2).

5.6 Conclusions

We performed temperature-dependent spatially resolved micro-Photoluminescence
on different representatives of organo - lead halide perovskite family. The result-
ing maps show that perovskite thin films are composed from the dark and bright
crystalline grains, which are around few micrometer in size, and up to 20 µm in the
case of the mixed halide MAPbClxI3−x. We demonstrate that the low temperature
phase transition from tetragonal to orthorhombic phase is incomplete in all studied
materials, as the remains of the tetragonal phase are found even at T = 4 K. This
is most evident in the FAPbBr3, where macroscopic domains of both orthorhombic
and tetragonal phases coexist at low temperatures. In other compounds, the area
of tetragonal inclusions is limited to the size of single crystalline grains. These in-
clusions can be even smaller, as due to the long carrier diffusion lengths reported
for the perovskites, the lower band gap tetragonal material can preferably collect
the carriers over large regions, which gives a rise to a relatively strong PL peak
corresponding to the tetragonal phase. By investigating damaged and photo an-
nealed regions, where the occurrence of the tetragonal phase at low temperatures is
enhanced, we attribute its presence to the depleted halide content.
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In this chapter, we briefly discuss our preliminary results obtained for the family
of fully inorganic caesium lead halide perovskites. First, we describe the samples
and the characterization of the temperature dependence of the band gap. Then, we
present the low-temperature measurements of exciton binding energy and effective
mass determined usinge magneto-spectroscopy.

6.1 Fully inorganic caesium-based perovskite compounds

The family of caesium lead halides has also been investigated as potential perovskite
light absorbers [Eperon 2015, Kulbak 2015, Beal 2016]. In particular, the CsPbI3,
characterized by a band gap of around 1.73 eV is considered as a suitable candi-
date for the top solar cell in tandem architectures [Beal 2016]. The main advantage
of the fully inorganic CsPbX3 materials over their hybrid, organic A-cation ana-
logues is their resistance to high temperatures, up to their melting point at around
450 ◦C [Møller 1958, da Silva 2015, Kulbak 2016]. However, the relatively small
ionic radius of the Cs+ cation (1.73 Å, comparable to the size of I− anion) results in
rather low values of the Goldschmidt’s tolerance factor. Therefore, the CsPbX3 com-
pounds reveal a high level of structural distortion, while the relatively symmetric cu-
bic structures are formed only at temperatures far above the operational conditions
of the photovoltaic devices. In CsPbI3, the perovskite, "black" cubic phase is stable
above≈ 320 ◦C [Møller 1958, Eperon 2015, da Silva 2015]. When the temperature is
lowered, a transformation to the non-perovskite, orthorhombic "yellow" polymorph
(Eg ≈ 2.8 eV) occurs, which is schematically presented in Fig 6.1 [Møller 1958,
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Trots 2008, Eperon 2015]. At room temperature and under the air, a full conver-
sion to the yellow phase completes within minutes, or almost immediately in a
humid environment. The changes in the structural properties are less abrupt, when
smaller halides are incorporated in to the lattice. For example, all three polymorphs
of CsPbBr3 have a perovskite structure [Møller 1958, Sakata 1979] and similar band
gaps in the range of 2.3-2.4 eV, corresponding to their orange colour [Kulbak 2015].
This compound transforms from the cubic to tetragonal phase at 130 ◦C and further
to the orthorhombic structure at 88 ◦C [Møller 1958, Sakata 1979].

Figure 6.1: Two polymorphs of CsPbI3: non-perovskite "yellow" phase (left) and
"black" perovskite cubic phase (right). After Reference [Eperon 2015].

Caesium versus the organic molecules The spherical symmetry of the Cs+

cations significantly changes the picture of the interactions between the A-cations
and the rest of the lattice, known from the case of the organic molecules. With
the factors such as the cation orientation and the hydrogen bonds eliminated, the
structural properties in the fully inorganic CsPbX3 perovskites are governed by
the Goldschmidt’s tolerance factor in a more direct way. In hybrid perovskite
compounds, the libration (rotation) modes of the organic lattice, allowed in the
tetragonal (cubic) phase, contribute to the increase of the static dielectric con-
stant and result in a dynamic disorder of the structure. One can intuitively expect
that without these phenomena, the room-temperature electronic properties of the
caesium-based compounds may significantly differ from the parameters describing
their hybrid, organic-inorganic analogues. In particular, with no additional screen-
ing of the Coulomb interaction between the electron and hole, the exciton binding
energies are expected to be almost identical to the low-temperature values.

The problems of structural stability (CsPbI3) and the unsuitable band gap
(CsPbBr3) will presumably limit the development of photovoltaic devices based on
fully inorganic Caesium perovskites. However, the organic-inorganic mixed cations
compounds, containing the caesium atoms, are intensively studied due to their su-
perior structural and temperature stability. This success is a motivation to define
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the after-effects of the substituting of the organic molecules with Caesium atoms
in the perovskite light absorbers, especially with respect to their electronic prop-
erties. Therefore, we are currently performing magneto-spectroscopic studies on
the CsPbX3 family, in order to determine the exciton binding energies and the re-
duced masses and compare the derived parameters with the results obtained for the
organic-inorganic perovskites. In this chapter, we present our first, low-temperature
results for CsPbBr3, CsPbBrI2 and CsPbI3 compounds.

6.2 Characterization of the samples

The samples were produced in the Clarendon Laboratory, Oxford, by Rebecca Sut-
ton. Upon the arrival at LNCMI, the iodine-dominated CsPbBrI2 and CsPbI3 com-
pounds were already converted to the orthorhombic phase. To restore the cubic
phase in these materials, we use a procedure of a few-minute annealing at 350 ◦C,
commonly described in the literature [Eperon 2015, da Silva 2015]. Immediately
after the annealing, the samples are put into an inert helium gas atmosphere. To
characterize the samples, we measure the energy of the near - band gap absorp-
tion as the function of temperature, using a macro-transmission technique. The
methodology is the same as in the case of the organic-inorganic compounds, which
was described in Section 3.4.

The transmission spectra, taken at different temperatures between 4 K and
270 K, are shown in Fig. 6.2. Panels (a)-(c) correspond to the spectra for CsPbBr3,
CsPbBrI2 and CsPbI3, respectively. As for the organic-inorganic perovskites, the
absorption spectra are dominated by single absorption minima. With increasing
temperature, the absorption energy blue-shifts, which is a phenomenon known from
the hybrid perovskites (see Section 3.4). The transition energies for all three com-
pounds are plotted as the function of temperature in Fig. 6.2 (d). Consistent with
previous reports, which suggest the absence of phase transitions in this temperature
range, the observed change of the absorption energy is continuous. These energies
are in the range of 1725− 1805 meV for CsPbI3 (Fig. 6.2 (c)) and 1940− 2000 meV
for CsPbBrI2 (panel (b)). This confirms that the cubic phase was successfully pre-
served even at low temperatures. In the case of CsPbBr3 (Fig. 6.2 (a)), we have
investigated both non-annealed material in the orthorhombic phase and a sample
annealed at 250 ◦C in order to form the cubic phase (orange solid and black dashed
curves, respectively). However, we do not observe any changes in the absorption
spectra introduced by such annealing. This suggests that independently on the
thermal processing, CsPbBr3 will always transform to the orthorhombic phase be-
low the phase transition point at 88 ◦C. Therefore, we conclude that preserving the
iodine-rich compounds in the cubic phase is possible due to a relatively large energy
required for a conversion to the significantly different, yellow polymorph. It is also
important to note that the absorption spectrum of CsPbBr3 has a well defined mini-
mum even at 270 K, while the two other compounds encounter a considerably larger
thermal broadening of the absorption shape. This minimum, more pronounced than
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Figure 6.2: (a)-(c) Typical transmission spectra measured at different temperatures
for CsPbBr3, CsPbBrI2 and CsPbI3, respectively and (d) the energies corresponding
to the observed transitions plotted as the function of temperature. The author
acknowledges the participation of Yang Zhuo in obtaining the data for CsPbBr3.

in the case of the organo-lead tri-bromides (Fig. 3.7 (c) and (d)) suggests a strongly
excitonic character of the photocreated carriers even at the room temperature.
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6.3 Low-temperature magneto - transmission

To determine the exciton binding energies and reduced masses we applied analogous
measurement techniques and analysis methods as previously used for the studies of
the organic-inorganic compounds (Chapter 4). Typical magneto-transmission spec-
tra measured at T = 2 K are shown in Fig. 6.3 for CsPbI3, CsPbI2Br and CsPbBr3.
The left column (panels (a),(c) and (e)) presents the raw transmission spectra at
different values of magnetic field. Similarly as in the organic-inorganic compounds,
when magnetic field is increased, we observe a blue-shift of the 1s transition with
the appearance of weaker minima corresponding to the higher transitions. In order
to more precisely determine their energies, we analyze the magnetic field spectra
ratioed by the spectrum acquired at 0 T, presented in Fig. 6.3 (b),(d) and (f). For
the CsPbI3, at 65 T we detect up to 5 transitions, including the crucial 2s state
absorption. This weak minimum appears at the right top of the differential feature,
resulting from in the ratioing in the region of the 1s absorption (inset in Fig. 6.3
(b)). In agreement with the hybrid FAPbBr3 bromide, where three excitonic transi-
tions were observed in the long pulse, the number of minima detected for CsPbBr3
is also reduced to three, which suggest a higher value of the exciton binding energy.
In this compound, the 2s absorption is particularly well resolved. In contrast, only
two transitions are observed for the CsPbI2Br mixed halide, with no trace of the
absorption minimum corresponding to the 2s state. This can be explained by the
lower optical quality of this sample, revealed in the relatively weak minimum of the
1s transition. Such a problem may indicate either worsened morphology reported
in the mixed halide perovskite compounds, or a need for further optimization of the
annealing procedure.

To extract the effective Rydberg constant R∗ and reduced mass µ, we plot the
absorption energies as the function of magnetic field and describe particular tran-
sitions within the terms of the hydrogren-like atom or free carrier models. The
results of such analysis, obtained for all three investigated compounds, are shown in
Fig. 6.4. The blue spheres correspond to the long-pulse experimental data points.
We support our analysis with the short pulse, extreme magnetic field data, mea-
sured by A. Miyata with the Mega Gauss installation, and marked with the black
stars. The orange curves and gray lines are the transition energies for the excitonic
states and Landau levels, respectively.

The number of the Mega Gauss data points for CsPbI3 (Fig. 6.4 (a)) is limited
to only three. This originates from the lifetime of the material in the cubic phase,
shorter than the duration of the sample installation procedure, which is performed
in the air. Despite this problem, five transitions observed in the long pulse mea-
surement allow a satisfying fit for both models, which enables us to determine the
values of R∗ = 15 meV and µ = 0.115m0. The situation is reversed for the CsPbI2Br
mixed halide (Fig. 6.4 (b)); the longer lifetime of the cubic phase in air allows the
collection of the numerous short-pulse data points. Their lowered slopes suggest
considerably higher value of the reduced mass, µ = 0.126m0. The relatively low
number of the long pulse data, with no observable trace of the 2s transition, limits
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Figure 6.3: (a),(c),(e): Typical low temperature transmission data taken using a
long pulse technique for CsPbI3, CsPbI2Br and CsPbBr3, respectively. (b),(d),(f):
The spectra in magnetic field divided by the spectrum acquired at 0 T.

the precision of extracting the effective Rydberg constant. We obtain the best fit for
R∗ = 15 meV, which is the same value as for the pure tri-iodide. In the case of the
wide-bandgap CsPbBr3 (Fig. 6.4 (c)) both long and short pulse data sets are com-
plete, resulting in a good accuracy of the derived electronic parameters. The exciton
binding energy is as high as R∗ = 30 meV. If this value remains unchanged up to
the room temperature, then a substantial fraction of the photocreated electron-hole
pairs is bound as the excitons. This is suggested by the well developed absorption
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minima observed in our temperature-dependence characterization studies. On the
other hand, the reduced mass µ = 0.127 m0 is only slightly higher than the result
obtained for CsPbI2Br.

Figure 6.4: (a)(c) Transition energies obtained from the experimental data and
results of the fit to the data for CsPbI3, CsPbI2Br and CsPbBr3, respectively. The
stars are the data obtained during the short pulsed measurements. The results of
the theoretical fit are shown by grey and orange lines. Grey lines correspond to the
interband transitions between Landau levels in the valence and conduction bands.
The orange lines represent the energy levels of the hydrogenlike exciton.

Compound Phase Eg R∗ µ εeff
(meV) (meV) (me)

CsPbI3 cubic 1730 15± 1 0.115± 0.02 10.0
CsPbI2Br cubic 1965 15± 3 0.126± 0.01 10.7
CsPbBr3 orthorhombic 2350 30± 3 0.127± 0.01 7.6

Table 6.1: The parameters of the fit of the full Landau fan chart for caesium-based
compounds at T = 2 K.

6.4 Discussion

The results of the full fits for all three compounds are summarized in Table 6.1, where
we also calculate the effective dielectric constant εeff , using Equation 1.6. Further



88
Chapter 6. Caesium lead halide perovskites - characterization and

magneto-optical studies

in Fig. 6.5, we compare these low-temperature parameters for Caesium-based com-
pounds (color stars) with corresponding results for the hybrid organic-inorganic
materials from Fig. 4.12 (blue spheres). Also for the fully inorganic compounds, the
values of R∗ and µ increase with the band gap energy, in a close agreement with the
linear fits obtained for the hybrid perovskites. From this similarity we conclude that
at low temperatures, when the organic cations are ordered, the qualitative picture
of the interactions within the lattice is almost the same for both the inorganic and
hybrid compounds. We plan to determine if a more pronounced difference occurs
at higher temperatures, corresponding to the tetragonal phase range in the hybrid
compounds, when the libration modes of the organic lattice are allowed. This will be
investigated with our upcoming magneto-transmission measurements on the CsPbX3

materials at ≈ 170 K. Moreover, we expect that with the new samples of improved
optical quality and a reduced preparation time for the short pulse experiment, we
will be able to determine the values of R∗ and µ for the iodine-rich compounds more
precisely. In particular, it is important to confirm, if the partial substitution of the
Iodine with Bromine in 2:1 ratio indeed leads to an increase of the reduced mass by
more than 10%, while the exciton binding energy remains unaffected.

Figure 6.5: (a) Reduced mass and (b) binding energy at T = 2 K as a function of the
energy gap respectively. The color stars are results for the fully inorganic CsPbX3

compounds, presented in Table 6.1. The blue spheres are the low temperature results
for the hybrid compounds, included in Table 4.1. The black solid lines show a linear
fit to the data for the hybrid compounds.
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Conclusions

The organo - lead halide perovskites are promising candidates for light absorbers
in a new generation of low-cost, high efficiency solar cells and high-performance
light emitting devices. Recently, it has been demonstrated that the solar cells based
on the multiple-cation hybrid perovskites can achieve photon conversion efficiencies
up to 22% and are stable under the operational conditions. This indicates that
the future of perovskite - based photovoltaics is determined by the development of
new alloyed compounds. Therefore, further optimization of performance of these
materials requires an advanced control of both electronic properties and morphol-
ogy, originating from an understanding how these parameters change with chemical
composition. In this thesis, we use optical methods to investigate basic electronic
parameters, namely the exciton binding energy and reduced mass, as well as the
morphology in several representatives of organo-lead halide perovskites. By study-
ing compounds based on the Methylammonium or Formamidinium organic cations
and different halides, we determine how these parameters are influenced by the type
of accommodated ions.

Prior to the measurements in a magnetic field, we characterize our samples using
temperature dependent macro-transmission. These studies, performed at tempera-
tures ranging from 4 to 300 K, allow us to follow the changes of the band gap energy
with the increase of the temperature. In particular, we analyze the development of
the structural transition from the orthorhombic to tetragonal phase, occurring at
around 160 K. We conclude that conversion to the tetragonal phase always leads
to a drop in the band gap energy, in the range of 15 − 90 meV for different com-
pounds. Another difference is the temperature range for which the phase transition
progresses, varying from 15 K to 50 K. This is an indication that the phase transi-
tion is not uniform within the film; precisely, particular crystalline grains encounter
the phase transition at different temperatures.

Further, we investigate the values of the exciton binding energy and reduced
mass performing magneto-transmission in long-pulse high magnetic fields up to
67 T. Additionally, we support our analysis with the data points obtained from
the short-pulse Mega Gauss experiment in the fields up to 150 T (in cooperation
with A. Myiata, LNCMI). We analyze the magnetic field evolution of energies of
the interband transitions between the excitonic and free-carrier states. We extract
R∗ and µ by fitting particular transitions with the hydrogen - like atom model in
magnetic field (excitonic states) and Landau levels (free carrier states). This direct
method enables an accuracy of derived parameters surpassing previously reported
results, obtained by indirect measurements. We find general relations for the exciton
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binding energy R∗ and the reduced mass µ, which are principally determined by the
band gap Eg for the whole family of hybrid perovskites. With the approximated
values of R∗ = 0.01 × Eg and µ

m0
=

Eg

16.6), basic electronic properties can be easily
estimated for newly synthesized compounds. There is no evidence for a significant
influence of organic cation type other than resulting from the changes in the band
gap. This suggests that simple two band k.p perturbation theory should enable the
accurate modeling of the properties of devices made from hybrid perovskites. We
also demonstrate that the low temperature values of the exciton binding energies
are smaller or comparable to the thermal energy at 300 K which makes a significant
contribution to understanding the excellent performance of these devices in photo-
voltaic applications. For the tri-iodides, these values are further reduced in the high
temperature phases of these materials. This is in agreement with the contribution
of librations of the dipolar organic cations to the dielectric screening, suggested
earlier in the literature for high temperature crystal structures. Remarkably, this
phenomenon is not observed in the tri-bromide, characterized by a wider bandgap.
The possible explanation is that the exciton binding energy in this compound, signif-
icantly larger than the energy of phonons corresponding to the librations of organic
cations, is presumably too high to be effectively reduced by the cation - related
phenomena.

In order to confirm the role of the organic cations in reducing the exciton bind-
ing energy at higher temperatures, we are currently performing the magnetoopti-
cal studies of fully inorganic, caesium-based compounds. Our preliminary result
were obtained at low temperatures, at which the movements of organic lattice are
quenched. In such conditions, the picture of electron-hole interactions is very similar
for both hybrid and inorganic families of perovskite compounds.

Finally, we perform temperature-dependent spatially resolved micro - photolu-
minescence. The resulting maps show that perovskite thin films are composed from
the dark and bright crystalline grains, which are around few micrometer in size,
and up to 20 µm in the case of the mixed halide MAPbClxI3−x. We demonstrate
that the low temperature phase transition from tetragonal to orthorhombic phase
is incomplete in all studied materials, as the remains of the tetragonal phase are
found even at T = 4 K. This is most evident in the FAPbBr3, where macroscopic
domains of the tetragonal phase, spreading over hundreds of adjacent grains, are
observed. In other compounds, the area of tetragonal inclusions is limited to the
size of single crystalline grains. These inclusions can be even smaller, as due to
the long carrier diffusion lengths reported for the perovskites, the lower band gap
tetragonal material can preferably collect the carriers over large regions, which gives
a rise to a relatively strong PL peak corresponding to the tetragonal phase. By in-
vestigating structurally damaged and photo annealed regions, where the occurrence
of the tetragonal phase at low temperatures is enhanced, we attribute its presence
to the depleted halide content. Therefore, the spatially resolved photoluminescence
performed at low temperatures enables to detect meager inhomogeneities within the
perovskite films, which are not observable at the room temperature.
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Appendix B

Résumé de la thèse en français

Dans cette annexe, nous présentons un résumé en français de ce travail de thèse.
Le lecteur ne trouvera aucune nouvelle information et les figures utilisées sont les
mêmes que dans la version anglaise.

B.1 Introduction

Le premier chapitre introduis la physique de base des excitons de Wannier-Mott
exciton et résume l’état actuel des connaissances sur les pérovskites hybrides.

Les pérovskites hybrides organiques-halogénure de plomb représentent une classe
de matériaux émergents, proposés comme absorbeurs de lumière dans le cadre des
cellules solaires de troisième génération. La formule chimique de ces composés est
ABX3, ou A est un cation organique, X représente un anion halogénure (normale-
ment Cl-, Br-, ou l-, ou bien, un alliage composé par ces éléments).La structure
pérovskite, dans sa forme cubique la plus simple, est schématiquement représentée
sur la Figure. B.1.

Les pérovskites hybrides combinent d’excellentes propriétés d’absorption avec
une grande longueur de diffusion des porteurs de charge ainsi de longues durée de vie,
ce qui permet d’atteindre des efficacités de conversion de photons de 22%. Un autre
avantage est leur bas cout de fabrication. Par conséquent, avec le développement
de cette classe de matériaux, le photovoltaique basé sur les pérovskites peut poten-
tiellement améliorer fortement les performances des technologies actuelles, basée sur
le silicium.

Les objectifs de ce travail sont, d’une part, d’étudier les propriétés électroniques
de base de pérovskites hybrides, ainsi que leur morphologie.

B.2 Techniques expérimentales

Le deuxième chapitre décrit les techniques expérimentales qui ont été utilisées pour
étudier les propriétés de pérovskites hybrides. Deux types des techniques sont util-
isés. D’une part, la spectroscope d’absorption optique inter-bande en champs mag-
nétiques intenses a été utilisée pour obtenir les résultats présentés dans les chapitres
A4 et A6. D’autre part, la micro photoluminescence(µPL) a été utilisée pour étudier
la morphologie des couches minces de plusieurs types de pérovskites (chapitre A5).
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Figure B.1: La structure cubique idéale des pérovskites: BX6 occupe le sommet
des octaèdres (B = blue spheres bleues, X = spheres rouges) et le cation A (sphere
violette ) occupe centre de la maille unitaire avec une coordinence cuboctaèdrale
(12) . D’après [Johnsson 2007].

B.3 La description et caractérisation des échantillons

Les études présentées dans cet ouvrage ont été réalisés sur plusieurs Les représen-
tants de la famille de perovskite hybride. Nous étudions le composés a base de
Methylammonium (MA = CH2NH+

2 ) ou Formamidinium (FA = CH(NH2)+2 ) cations
organique. Tous les échantillons ont été fabriqués dans le groupe du Henry Snaith
dans Clarendon Laboratory, University of Oxford.

Les échantillons étudiés dans cette these sont des films minces de la un matériau
perovskite déposé sur des substrats en verre. Les films sont environ 350 nm
d’épaisseur, ce qui est comparable a la profondeur de pénétration la lumiere visi-
ble [Stranks 2013]. L’épaisseur est uniforme a travers l’échantillon, et le matériau
est exempt de les défauts de trous d’épingle analogues. L’épaisseur du substrat est
1 mm. Fig B.2 présent la photographie de trois échantillons de formamidinium base
typiques utilisés pour notre recherche. la différences dans le contenu halogénure -
changent d’iode pur est brome pur - sont responsables de la variation observée de
la couleur. Tout film mince perovskite ont été synthétisées a partir d’une solution,
en utilisant méthodes de revetement par centrifugation.

Afin d’assurer le code que le film est une enquete perovskite conservés dans la
phase de perovskite, en minimiser l’influence de la l’humidité et de température
pendant la période de stockage. Les échantillons, Quels sont scellés sous vide pour
le transport, sont placés dans un vide box Immédiatement apres l’arrivée. Les
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Figure B.2: Photographies d’un échantillon typique a base de Formamidinium

échantillons sont stockés sous une pression ≈ 10−5 bar et un ambient temperature de
18◦ C. Les films perovskite sont exposée a l’atmosphere que pendant la préparation
de la expérience, qui ne dure pas plus de 30 minutes. Nous analysons également les
échantillons pour les premiers symptômes de la désintégration avant de la la mesure.
Une preuve visible de la dégradation de l’échantillon est la présence des chefs de file
de di-halogénures est dans les couleurs observées: jaune pour PbI2 et blanche pour
PbBr2.

Pour la caractérisation initiale des échantillons, dans la mesure l’énergie de
l’absorption proche d’intervalle de bande en fonction de la température. Dans ces
études sur l’utilisation de la large bande macro-transmission, réalisée en l’absence
de champ magnétique. la Les spectres de transmission typique acquis a différentes
températures pour l’archétype MAPbI3 are dominated by a single notre magnéto
- études de transmission montrent que cette absorption correspond a la transition
excitonique 1s. Nous extrayons la les énergies d’absorption du spectre de transmis-
sion en recherchant la centre de la forme d’absorption. Ces énergies sont représen-
tées graphiquement en tant que fonction de la température dans Fig. B.3 (b).
L’augmentation de la température, nous observons le bleu-shift et l’élargissement
de la résonance d’absorption. Le coefficient de température positif de la largeur de
bande interdite est caractéristique pour tous les pérovskites hybrides.

Au-dessus de 145 K, nous trouvons la premiere preuve de la transition de phase
développement dans le MAPbI3 film. A 169 K La conversion est complete, car nous
ne détectons que l’absorption correspondant a la phase tétragonale. Augmenter la
température au-dessus 169 K, nous observons a nouveau une augmentation constante
de l’énergie d’absorption et elargissement de sa forme. Des mesures de caractérisa-
tion ont été effectuées pour tous les composés étudiés.Nous pouvons comparer en
détail le développement de la transition de phase dans Tous les matériaux étudiés
en analysant leur absorption Énergies représentées en fonction de la température.
Ils sont résumés dans Fig. B.4.
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Figure B.3: (a)Spectre de transmsission typique pour MAPbI3 mesuré a différentes
températures (b) Energies des transitions observées en fonction de la température.
Les points et les tirets on été ajoutés pour suivre les transitions

B.4 Magnéto-transmission

Le chapitre 4 décrit des études de magnéto-photoluminescence, fournissant des in-
formations sur les paramètres électroniques de base - l’énergie de liaison de l’excitons
et la masse réduite. Il introduit également l’influence du champ magnétique sur les
transitions optiques.

Les paramètres électroniques de base des pérovskites organiques-inorganiques,
comme l’énergie de liaison de l’exciton R∗ et la masse réduite µ, ont fait l’objet
d’un débat intense dans la littérature. Les images des porteurs soit liés, soit com-
plètement ionisés dans les composés de pérovskite à base d’iode ont été proposées
en se fondant sur diverses méthodes expérimentales indirectes. Alors que l’énergie
thermique moyenne à la température ambiante est kBT ' 26 meV, des valeurs de
R∗ dans la gamme de 2 − 50 meV ont été reportées. En 2015, Miyata et al., en
utilisant des mesures de magnéto-transmission, a démontré que l’énergie de liaison
de l’exciton dans le composé photovoltaïque archétype de la pérovskite MAPbI3 se
trouve à l’extrémité inférieure de cette gamme [Miyata 2015].

Dans ce travail, nous étendons les études de magnéto-transmission sur des pérovskites
organiques-inorganiques à d’autres matériaux de cette famille nouvellement syn-
thétisés. Dans tous les composés étudiés, les énergies de liaison des excitons sont
inférieures ou comparables à l’énergie thermique moyenne à température ambiante.
Nous constatons aussi que l’énergie de liaison de l’exciton ainsi que la masse réduite
augmentent proportionnellement à l’énergie de la bande interdite. Les valeurs de la
masse réduite sont cohérentes avec une approche de perturbation k.p à deux ban-
des simples pour la structure de bande. Ces conclusions peuvent être généralisées
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Figure B.4: Les énergies d’absorption des bords proches de la bande en fonction de
température pour tous les matériaux étudiés.

pour prédire les valeurs de la masse réduite et de l’énergie de liaison pour les autres
membres de la famille des pérovskites hybrides.

Nous avons mesuré les spectres de transmission à large bande en utilisant une
lampe halogène blanche, dans de l’hélium liquide pompé (T ' 2 K) sous champs
magnétiques allant jusqu’à 70 T, en observant de multiples transitions optiques pour
chaque composé. Les résultats de transmission typiques obtenus pour les composés à
base d’iodine, à savoir MAPbClxI3−x et FAPbI3 sont présentés sur la Fig. B.5. Cette
expérience a été effectuée en utilisant de l’optique de polarisation, et les courbes
bleues et rouges correspondent respectivement aux polarisations circulaires σ− and
σ+. Les spectres présentés sur les figures (a) et (c) montrent un minimum bien
marqué à environ 1.58 eV et 1.49 eV respectivement. Ces absorptions correspondent
à l’état 1s de l’exciton neutre. Dans le cas de MAPbClxI3−x, un second minimum
plus faible à environ 1.6 eV apparait dans les champs au-dessus de 20 T. Cette
transition est attribuée aux états 2s. Les absorptions 1s et 2s révèlent une séparation
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de Zeeman claire.

Figure B.5: (a),(c): données typiques de transmission à basse température
MAPbClxI3−x et FAPbI3 obtenues en utilisant la technique de pulse long. Les
lignes rouges et bleues correspondent à deux lumières polarisées respectivement σ+

et σ−. Les points bleus/rouges et les lignes en pointillés sont ajoutées afin de fa-
ciliter le suivi des transitions 1s et 2s. (b), (d): Les spectres à différents champs
magnétiques divisés par le spectre acquis à 0 T.

Nous étendons les mesures dans la gamme spectrale de la lumière visible, où
nous traçons pour l’analyse les spectres en champ magnétique divisés par le spectre
pris à zéro champ, comme indiqué dans la Fig. B.5, (b) et (d). Ces données ne sont
pas résolues en polarisation. La première caractéristique spectrale à basse énergie
visible dans les figures (b) et (d) est le résultat de la division du signal sur la région
de l’état 1s décalé magnétiquement. Selon cette caractéristique différentielle, nous
observons les minima correspondant à l’état 2s également dans FAPbI3. Des études
complémentaires à basse température, sur les bandes interdites supérieures (2.2-
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2.3 eV) représentatives des pérovskites organiques-inorganiques, ont été effectuées
sur des tri-bromures, à savoir FAPbBr3 et MAPbBr3. Pour cette gamme d’énergie,
nous effectuons les mesures sans résoudre la polarisation circulaire.

Les spectres de transmission pour chaque valeur du champ magnétique sont
analysés afin de trouver les énergies des minimums d’absorption particuliers. Nous
effectuons ces analyses en recherchant le centre de la géométrie d’absorption, en
supposant une symétrie de type gaussien. Des données supplémentaires prises en
champs jusqu’à 150 T sont fournies par la technique expérimentale de MegaGauss,
réalisée par A. Miyata au LNCMI. Dans le but d’extraire l’énergie de liaison et
la masse réduite de l’exciton à partir des données de magnéto-transmission, nous
analysons les transitions observées avec les modèles de la théorie des hydrogénées et
celui des électrons libres. Comme la masse réduite est le seul paramètre d’ajustement
pour les niveaux de Landau, les transitions à haute énergie et champ magnétique
élevé constituent une forte contrainte pour la détermination de µ. Pour déterminer
précisément l’énergie de liaison de l’exciton, l’observation simultanée des transitions
1s et 2s est primordiale. Les données recueillies et les ajustements correspondants
sont résumés sur la Fig. B.6. Les deux paramètres R∗ et µ dépendent de la bande
interdite, augmentant au fur et à mesure que le gap augmente.
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Figure B.6: (a)-(d) Les énergies de transition obtenues à partir des données expéri-
mentales et des résultats de l’ajustement aux données pour MAPbClxI3−x, FAPbI3,
FAPbBr3 et MAPbBr3, respectivement. Les points rouges et bleus correspondent
aux minima résolus en polarisation dans l’absorption pour σ+ et σ− respectivement.
Les étoiles sont les données obtenues lors de courtes mesures pulsées, où la polari-
sation n’a pas été utilisée. Les données prises en longs pulses ne sont pas non plus
résolues en polarisation pour les échantillons FAPbBr3 et MAPbBr3. Les résultats
de l’ajustement théorique sont indiqués par les lignes grises et orange. Les lignes
grises correspondent aux transitions interbandes entre les niveaux de Landau dans
les bandes de valence et de conduction. Les lignes oranges montrent les niveaux
fortement liés de l’exciton de type hydrogène. Dans (a) et (b), les transitions de
séparation de Zeeman sont représentées par les lignes pleines et en pointillés. Au-
dessous de chaque graphique, la partie bas champ et basse énergie du diagramme
complet est agrandie.
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Nous avons étendu les mesures de magnéto-transmission à des températures plus
élevées, plus pertinentes pour les conditions opérationnelles d’un dispositif photo-
voltaïque. Nous avons effectué l’expérience juste au-dessus du point de transition de
phase, autour de 150-160 K, où les pérovskites hybrides se transforment de, la phase
orthorhombique à basse température, à la phase tétragonale à haute température.
De cette façon, nous étudions un matériau de paramètres du réseau très semblables
aux paramètres révélés à température ambiante, alors qu’à T ' 150 K nous avons
l’avantage considérable que les minima d’absorption sont remarquablement plus forts
et mieux définis par rapport à T ' 300 K. Le résultat de la magnéto-transmission à
haute température avec des ajustements correspondants est présenté sur la Fig. B.7

Figure B.7: (a)-(c) Les énergies de transition obtenues à partir des données expéri-
mentales et des résultats de l’ajustement aux données pour MAPbClxI3−x, FAPbI3
et FAPbBr3, respectivement. Les étoiles sont les données obtenues lors des mesures
de pulse court. Les résultats de l’ajustement théorique sont représentés par des
lignes grises et oranges. Les lignes grises correspondent aux transitions interbandes
entre les niveaux de Landau dans les bandes de valence et de conduction. Les lignes
oranges représentent les niveaux d’énergie de l’exciton de type hydrogène.

Les valeurs de µ ont augmenté légèrement à (0.095 − 0.13 ± 0.01) m0. La plus
forte augmentation est observée pour le tri-bromure, ce qui est en accord avec
l’augmentation de la bande interdite par rapport à la valeur basse température.
Dans les iodures, nous trouvons que les énergies de liaison des excitons sont réduites
à la phase tétragonale à R∗ = 10 ± 3 meV, avec une augmentation correspondante
de εeff . En revanche, pour FAPbBr3 nous estimons R∗ = 24 ± 4 meV, ce qui est
une valeur légèrement plus élevée que celle mesurée pour la phase orthorhombique
basse température.
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Les paramètres électroniques essentiels - la masse réduite µ et l’énergie de liaison
de l’exciton R∗ mesurées à la basse température, phase orthorhombique, sont tracées
en fonction de la bande interdite du matériau dans le champ Fig. 4.12 (a). On
constate que les deux paramètres augmentent faiblement avec la bande interdite.

Figure B.8: (a) et (b) masse réduite et énergie de liaison à T = 2 K en fonction du
gap d’énergie respectivement. Les symboles noirs (rouges) indiquent les résultats
pour les iodures FA (MA) (symboles complets) et les bromures (symboles ouverts).
Les cercles verts montrent des résultats pour l’halogénure mixte MAPbI3−xClx. Les
lignes pleines noires montrent un ajustement linéaire aux données. (c) et d) Le
graphique des données à basse température ainsi que les valeurs déduites pour la
phase tétragonale à température plus élevée (avec carrés) pour les matériaux FA
(bleu), MA (orange) et mixte (violet), mesurées dans la gamme de températures
données dans le tableau 4.2

Les valeurs de masse excitonique réduite dans les matériaux étudiés sont com-
prises entre 0.090 et 0.177 fois la masse de l’électron libre. Comme les pérovskites à
l’halogénure d’organo-plomb sont caractérisées par une structure de bandes relative-
ment simple, nous pouvons appliquer une approche Hamiltonienne semi-empirique
à deux bandes k.p pour les calculs efficaces de masse [Even 2015]. La masse réduite
µ sera :

1

µ
= | 1

m∗e
|+ | 1
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est l’énergie de Kane, déterminant la force des transitions optiques [Chuang 1995],
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étant l’élément de la matrice de la quantité de mouvement provenant du terme
k.p, c’est-à-dire du couplage des fonctions d’ondes électroniques dans les bandes de
conduction et de valence. Un ajustement de l’équation B.1 aux données de basse
température, présenté dans l’encadré supérieur de la Fig. B.8 (a), donne la valeur de
l’énergie de Kane égale à 8.3 meV. Compte tenu de l’augmentation de µ d’environ
10%, l’estimation de l’énergie de Kane à température ambiante est d’environ 7.5
meV.

Fait remarquable, il n’existe aucune preuve solide d’un changement de la masse
réduite lors de la substitution de Méthylammonium par des cations de Formami-
dinium. Nous n’observons que de petits changements dans la bande interdite, in-
duits par les changements dans les paramètres du réseau, comme l’inclinaison des
octaèdres suggérée par Amat et al. [Amat 2014].

La constante efficace de Rydberg se révèle être plus dépendante du matériau,
variant avec la bande interdite de 14 à 25 meV approximativement comme:

R∗ = 0.01× Eg.

Les valeurs mesurées sont en bon accord avec la valeur de 15 meV, déduite pour
MAPbI3 par Even et al. [Even 2014b]. La réduction de R∗ dépendant de la tem-
pérature indique que les valeurs mesurées à T = 2 K sont la limite supérieure
des énergies de liaison des excitons dans ces matériaux. Par conséquent, étant in-
férieures ou comparables à l’énergie thermique à température ambiante (' 25 meV),
nos résultats à basse température pour R∗ suggèrent que dans toute la famille des
pérovskites hybrides tri-halogénés, les porteurs photocréés sont espérés être ther-
miquement ionisés à 300 K. Cela explique en grande partie les excellentes efficacités
des dispositifs pérovskites photovoltaïques.

Les valeurs de la constante diélectrique effective εeff se trouvent dans la gamme
de 7.5 - 9.8, entre les valeurs de basse ε0 = 25.7 [Wehrenfennig 2014a] et haute
ε∞ = 5.6 valeurs de fréquence [Umari 2014, Brivio 2014]. Une légère baisse de εeff
est observée avec la montée de R∗ et µ. Ce type de comportement est caractéristique
pour les matériaux fortement polaires avec un fort couplage électron-phonon. Les
valeurs de εeff sont significativement plus faibles pour les tri-bromures, où les masses
réduites plus élevées font que l’énergie de liaison est plus grande, avec une réduction
conséquente de la résistance d’écrantage.

La transition de phase semble avoir un impact limité sur la valeur de la masse ré-
duite µ. Nos résultats indiquent qu’après la transition de phase, le µ peut augmenter
jusqu’à 10 % par rapport aux valeurs obtenues 2 K. Nous concluons que toute la
famille des pérovskites organo-halogénures de trihalogénures peut être décrite par
l’équation 4.8 en termes de paramètre unique - l’énergie de bande interdite, quelle
que soit la phase cristalline ou la température. La constante diélectrique effec-
tive εeff et par conséquent l’énergie de liaison exciton R∗ sont plus affectées par
la transformation de la phase orthorhombique, à la phase tétragonale. Ceci est
lié à un mouvement de rotation collectif supplémentaire des cations organiques,
autorisé à des températures plus élevées, et augmentant encore l’écrantage du po-
tentiel Coulombien [Poglitsch 1987]. Nous trouvons que les valeurs de R∗ pour les
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matériaux à base d’iodure réduites à l’intervalle de 10 ± 3 meV, résultant d’une
augmentation de εeff . En outre, le décalage diamagnétique observé pour l’état 1s
est anormalement bas par rapport aux simulations (voir Fig. 4.11(a),(b)), ce qui
peut être une preuve de l’augmentation dépendante en champ de l’énergie de liaison
de l’exciton [Behnke 1978]. Par conséquent, la valeur en champ nul de R∗ peut
être encore plus petite, de l’ordre de 5 meV prédit par Even et al. [Even 2014b], ou
moins.

B.5 Études de micro-photoluminescence résolues en temps
de pérovskites d’halogénure d’organo-plomb

En raison de leur nature "spin-coated", les films minces de pérovskite ont une uni-
formité limitée [Chen 2014b, Zhou 2014, Eperon 2014b]. Les défauts de structure et
les inclusions non stoechiométriques, formés lors de l’évaporation du solvant, peu-
vent influencer négativement la performance du dispositif. Cependant, à ce jour,
il existe un nombre limité d’études sur l’impact de la morphologie de la couche
mince de la pérovskite sur l’efficacité des cellules solaires. Seulement récemment,
les inhomogénéités significatives de la pellicule mince de pérovskite, affectant leurs
performances, ont été montrées [de Quilettes 2015]. La structure du film a révélé
la présence de grains microcristallins de taille de l’ordre de quelques micromètres.
On a constaté que l’intensité de la photoluminescence et la durée de vie du porteur
dépendaient fortement de la position à travers le film, du fait de l’existence de grains
foncés spécifiques. Ces grains foncés agissent comme des pièges non radiatifs pour
les porteurs photo-créés, conduisant à une diminution de la performance globale des
cellules solaires.

De plus, nos résultats de micro-photoluminescence dépendant de la température
fournissent une indication forte pour le progrès non homogène de la transition de
phase dans les films de pérovskite. Les spectres typiques obtenus à deux positions
différentes de l’échantillon de MAPbClxI3−x, mesurés en fonction de la température,
sont représentés sur la Fig. B.9 (a) and (b). L’encadré (a) représente la transition de
la phase tétragonale à la phase orthorhombique, alors que l’encadré (b) fait référence
à la région qui reste dans la phase tétragonale même à T = 4 K. Dans la Fig. B.9 (a),
l’émission de phase tétragonale disparaît totalement au-dessous de 120 K. Le pic de
phase orthorhombique restant a un épaulement d’énergie élevé à ≈ 1600 meV, ce qui
est attribué à l’émission de l’exciton libre de phase orthorhombique. Au-dessous de
60 K, l’intensité de l’exciton libre de phase orthorhombique diminue considérable-
ment, et l’émission est dominée par le pic autour de 1560 mV, ce qui correspond
à l’état d’exciton lié à la phase orthorhombique. En revanche, les spectres de la
Fig. B.9 (b) montrent la dominance du pic de phase tétragonale, qui commence déjà
à la température de transition de phase. Avec une diminution supplémentaire de la
température, le pic de phase orthorhombique est par conséquent affaibli et disparait
totalement à des températures de 30 K ou moins. Une preuve de la coexistence
de différents domaines de phase à basses températures se trouve également dans
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Figure B.9: (a), (b) dépendance en température de la muPL pour deux posi-
tions différentes sur MAPbClxI3−x correspondant respectivement aux domaines des
phases orthorhombique et tétragonale. (c) Dépendance en température des spectres
de muPL pour FAPbBr3.

la haute bande interdite FAPbBr3 (Fig. B.9 (c)). A environ 150 - 160 K la com-
posante basse énergie du pic d’émission à haute température est supprimée. Deux
pics d’émission sont bien résolus en-dessous de 30 K.

Les inhomogénéités décrites ci-dessus sont notre motivation à étudier les pro-
priétés microscopiques des pérovskites organo-plomb- halogénures avec micro- pho-
toluminescence résolue spatialement, réalisées à différentes températures. Les résul-
tats des mesures à température ambiante pour MAPbI3, MAPbClxI3−x et FAPbBr3
respectivement, sont présentés dans la Fig. 5.3 (a) - (c). Les cartographies chroma-
tiques, chaque 80×80 µm avec des pas de 2 µm, représentent l’intensité intégrée du
pic de photoluminescence. Dans tous les échantillons, nous observons des variations
notables de l’intensité d’émission dans les zones étudiées, révélant la présence des
régions de photoluminescence plus forte et plus faible. Nous concluons donc que
les trois composés ont une structure granulaire microcristalline et que la présence
récemment remarquée des grains foncés [de Quilettes 2015, deQuilettes 2016] est
typique des pérovskites organo-halogénures de plomb. Les résultats µPL à tem-
pérature ambiante résolue spatialement pour MAPbI3, MAPbClxI3−x et FAPbBr3
respectivement, sont présentés sur la Fig. B.10 (a) - (c). Les cartographies chroma-
tiques, chaque 80×80 µm avec des pas de 2 µm, représentent l’intensité intégrée du
pic de photoluminescence. Dans tous les échantillons, nous observons des variations
notables de l’intensité d’émission dans les zones étudiées, révélant la présence des
régions de photoluminescence plus forte et plus faible. Nous concluons donc que les
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trois composés ont une structure de grains microcristallins et que la présence récem-
ment signalée des grains foncés est typique pour les pérovskites organo-halogénures
de plomb.

Figure B.10: Intensité intégrée du pic de µPL en fonction de la position pour (a)
MAPbI3, intensité d’illumination du spot 40 nW (4W/cm2), (b) MAPbClxI3−x,
intensité d’illumination du spot 60 nW (6W/cm2), et (c) FAPbBr3, intensité
d’illumination du spot 100 nW (10W/cm2), respectivement à 300K. L’intensité in-
tégrée passe du blanc au bleu. L’étape de numérisation est de 2µm.

La µPL spatialement résolue à basse température (T = 4 K) pour MAPbI3 est
présentée dans la Fig. L’encadré (a) montre la photoluminescence de la phase or-
thorhombique à basse température. De même que les résultats de la température
ambiante, l’émission est assez uniforme, avec une certaine variation sur une échelle
de quelques µm liée à la structure microcristalline du film de pérovskite. Néan-
moins, nous observons toujours les grains sombres et lumineux. Remarquablement,
le pic de faible énergie, correspondant à la phase tétragonale à haute température,
accompagne l’émission orthorhombique à certaines positions à travers l’échantillon.
Les spectres typiques acquis pour deux positions différentes sur l’échantillon sont
présentés dans l’encadré (c). Le spectre tracé en bleu représente une position où seul
le pic orthorhombique se produit. La courbe rouge correspond à la position où les
pics de phase orthorhombique et tétragonale sont détectés simultanément. Bien que
l’intensité de l’émission de la phase tétragonale soit toujours inférieure à l’intensité
du pic de phase orthorhombique dominante, l’apparition du pic de la phase tétrag-
onale semble diminuer l’intensité du pic OP. L’intensité intégrée du pic de la phase
tétragonale, indiquée par la couleur rouge, est superposée à l’intensité intégrée du
pic de phase orthorhombique sur la Fig. 5.4 (b). L’émission de la phase tétragonale
se trouve dans des zones isolées, peu fréquentes, de taille typique de 1 à 5 µm, où le
pic de phase orthorhombique est généralement plus faible. Pour déterminer précisé-
ment s’il existe une corrélation entre les intensités d’émission des deux phases, nous
analysons les proportions de l’émission totale dans chaque pic IOP,TP

ITP +ITP
en fonction

de l’intensité d’émission du pic de phase tétragonale (ITP ). Les résultats, présentés
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à la Fig. (d), révélent une anti-corrélation : à mesure que la proportion de l’émission
dans le pic de la phase tétragonale (points oranges) augmente, la phase OP diminue
progressivement.

Figure B.11: Micro-photoluminescence résolue spatialement pour MAPbI3 : (a)
Intensité intégrée du pic (OP) à haute énergie en fonction de la position. L’intensité
passe du blanc au bleu foncé. (b) Une deuxième cartographie du pic (TP) de faible
énergie est superposée à la cartographie montrée en (a). L’intensité passe du blanc
au rouge. (c) Spectres typiques pour des positions où seul le pic OP a été observé
(bleu) et où les deux pics ont été observés (rouge). (d) Corrélation de l’intensité
intégrée des pics TP (orange) et OP (noir) par rapport à l’intensité du pic TP à
basse énergie.

Les restes à basse température de la phase tétragonale se retrouvent dans tous
les films de pérovskite étudiés. La taille de ces inclusions varie généralement avec
la taille des grains cristallins. Seulement pour FAPbBr3, l’échelle spatiale des vari-
ations de l’intensité de photoluminescence est remarquablement plus grande que
celles observées dans d’autres composés. La structure du domaine de phase dans le
bromure est apparemment indépendante sur la structure de grain de la couche, avec
les domaines s’étendant sur 100 µm.

Les défauts formés naturellement dans le film mince de pérovskite sont les pre-
miers candidats à être considérés comme la cause des inhomogénéités observées dans
la progression de la transition de phase. A proximité de tels défauts, on observe une
augmentation de la présence de la phase tétragonale à basse température, ce qui
permet de mieux comprendre l’origine du comportement de formation de domaines
observés dans les pérovskites organiques/inorganiques. Pour étudier ce problème,
nous avons intentionnellement introduit un défaut dans le matériau de pellicule
mince de la pérovskite en l’exposant à un spot de laser focalisé, comme présenté dans
la Fig. B.12. Un spectre de PL typique représenté graphiquement dans l’encadré (d)
contient trois pics d’émission à 1535 meV, 1555 meV et 1600 meV, attribués respec-
tivement à la phase tétragonale et à l’exciton lié/libre de la phase orthorhombique.
La cartographie révèle la dominance de l’exciton lié à OP dans l’échantillon (encadré
(b)). Le centre du spot laser est un noyau foncé (coin supérieur droit de la cartogra-
phie). Cette région de PL très faible est entourée de taches d’émission lumineuse
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provenant de la phase tétragonale (encadré (a)). Consécutivement, on observe des
zones de formes annulaires où les excitons liés et libres de la phase orthorhombique
dominent (encadrés (b), (c), respectivement).

Figure B.12: (a) distribution des ions iodés en fonction de la distance par rapport au
point d’exposition. (b) - (d) les cartographies d’intensité intégrées de l’échantillon
correspondant à : (b) haute température, du pic TP et des pics d’exciton lié (c)
et libre de l’OP à basse température. (e) Spectre de photoluminescence montrant
toutes les transitions observées.

Une telle répartition des domaines de phase peut être expliquée par la présence de
régions en teneur d’halogénure diminuée et augmentée, formées lors du photo-recuit.
Nous nous attendons à ce que la migration ionique signalée dans [deQuilettes 2016]
entraîne une distribution non-uniforme des halogénures dans la zone exposée, comme
le montre schématiquement la Fig. (a). La lumière intense crée une région appau-
vrie, entourée par la région avec un excès d’iode. Les phases cristallines sont cor-
rélées avec la teneur en halogénure, ce qui est en accord avec le modèle des domaines
observés dans les cartographies chromatiques. Les régions non-affectées sont carac-
térisées par l’émission de l’exciton lié à la phase orthorhombique. Ainsi, l’émission
d’excitons liée à la phase orthorhombique caractérise la teneur en iode standard,
alors que la présence de la phase tétragonale indique une déficience de l’halogénure.
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B.6 Les pérovskites halogénure d’plomb - et études magneto-
optique

Dans le dernier chapitre, nous décrivons brievement nos résultats préliminaires
obtenu pour la famille de totalement inorganique halogénure de césium plomb pérovskites.
Tout d’abord, nous décrivons les échantillons et la caractérisation études - la dépen-
dance en température de la bande interdite. Ensuite, dans le présent mesures de
l’énergie de liaison de l’exciton et efficace masse déterminée a basse température , a
l’aide magnéto-spectroscopie. A basse température, lorsque les cations organiques
sont ordonnées, l’image qualitative de la les interactions au sein du réseau est presque
la meme pour les deux des composés inorganiques ou hybrides. Nous prévoyons de
déterminer si un plus différence marquée Survient a des températures plus élevées,
correspondant a la gamme de phase tétragonale dans les composés hybrides, lorsque
le modes du treillis organiques de libration sont autorisés. Ce sera étudié avec nos
prochaines mesures magnéto-transmission sur la CsPbX3 materiaux à ≈ 170 K.

Figure B.13: (a) et (b) masse réduite et énergie de liaison à T = 2 K en fonction
du gap d’énergie respectivement pour CsPbX3. Les symboles bleues indiquent les
résultats pour les perovskites hybrides
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B.7 Conclusions

Les perovskites organo-métalliques a base d’halogénure de plomb sont des candi-
dats prometteurs comme absorbeurs de lumiere dans les cellules solaires a faible
cout et a haut rendement, ainsi que pour les OLEDS. Il a été récemment démon-
tré, que le rendement de conversion des cellules basées sur les pérovskites hybrides a
cations multiples peuvent atteindre jusqu’a 22 % et sont stables en conditions réelles.
Cela indique que l’avenir des pérovskites pour le photovoltaique est déterminé par le
développement de nouveaux alliages. Par conséquent, une optimisation plus poussée
des performances de ces matériaux nécessite un contrôle avancé a la fois des pro-
priétés électronique et de la morphologie. Pour cela, ils faut une compréhension fine
de l’évolution ces parametres avec la composition chimique. Dans cette these, nous
utilisons des méthodes optiques pour étudier les parametres électroniques de base:
l’énergie de liaison de l’exciton et sa masse réduite en fonction de la morphologie
chez plusieurs perovskites organo-métalliques a base d’halogénure de plomb. En
étudiant des composés basés sur les cations organiques tels que le méthylammonium
ou le formamidinium ainsi que différents halides, nous déterminons comment ces
parametres sont influencés par le type d’ions.

Avant les mesures dans en champ magnétique, nous caractérisons notre échantil-
lons utilisant la dépendance en température de la transmission optique UV-VIS. Ces
études, réalisées a des températures allant de 4 a 300K, nous permettent de suivre les
changements de l’énergie de bande interdite avec l’augmentation de la température.
En particulier, nous analysons le développement de la transition structurelle de la
phase orthorhombique a la phase tétragonale, se produisant a environ 160K. Nous
montrons que l’apparition la phase tétragonale conduit toujours a une baisse de
l’énergie de bande interdite, dans la gamme de 15− 90 meV pour les différents com-
posés. Une autre différence est la plage de température pour laquelle la transition
de phase progresse, variant de 15K a 50K. Ceci est une indication que la transition
de phase n’est pas uniforme dans le film a cause de la distribution de temperature
de transition des différents grains cristallins.

En outre, nous étudions les valeurs de l’énergie de liaison exciton et masse ré-
duite mesurant la magnéto-transmission en champs magnétiques intense jusqu’a 67
T. De plus, nous étayons notre analyse avec des mesures obtenus lors l’impulsion
courte Mega Gauss dans les champs jusqu’a 150T (en coopération avec A. Myiata,
LNCMI). Nous analysons l’évolution du champ magnétique des énergies des transi-
tions interbandes entre les états excitoniques et libres. Nous extrayons R∗ et µ en
ajustant ces transitions particulieres avec le modele de l ’atome d’ hydrogene dans
un champ magnétique (états excitoniques) et Landau (États de porteurs libres).
Cette méthode directe permet une meilleure précision d’estimation des ces parame-
tres comparés a ceux obtenus par des mesures indirectes. Nous obtenons ainsi des
relations générale pour l’énergie de liaison des exciton R∗ et la masse réduite µ, qui
sont principalement déterminés par la bande interdite Eg pour toute la famille des
pérovskites hybrides: R∗ = 0, 01× Eg et µ

m0
=

Eg

16.6),
Les propriétés électroniques de base peuvent ainsi etre facilement estimées pour
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de nouveau composés synthétisés. Il n’y a pas de preuve d’une importante influence
du type de cations organiques autre que celle résultant de changements dans l’énergie
de bande interdite. Cela suggere un modele a deux bandes simples en théorie des
perturbations k.p qui devrait permettre la modélisation précise des propriétés des
dispositifs fabriqués a partir de pérovskites hybrides. Nous avons aussi démontré
que les valeurs de l’énergie de liaison des excitons sont plus petites ou compara-
bles a l’énergie thermique a 300K, ce qui apporte une contribution significative a
la compréhension des excellente performance de ces matériaux dans les dispositifs
photovoltaiques.

Pour les tri-iodures, ces valeurs sont encore réduites dans les les phases a haute
température de ces matériaux. Ceci est en accord avec le contribution de la librations
des cations organiques polaire sur l’écrantage diélectrique, suggéré dans la littéra-
ture pour structures cristallines a haute température. Par contre, ce phénomene
n’est pas observé dans le tri-bromure, caractérisé par une bande interdite plus large.
Une explication possible est que l’énergie de liaison exciton dans ce composé, sig-
nificativement plus grande que l’énergie des phonons correspondant aux librations
des cations organiques, est probablement trop élevée pour etre efficacement réduit
par le cation lié.

Afin de confirmer le rôle des cations organiques dans la réduction de l’énergie
de liaison exciton a haute température, nous effectuons actuellement, des études
magnéto-optiques de composés totalement inorganique, a base de césium. Nos ré-
sultats préliminaires ont été obtenus a basse températures, au cours de laquelle les
mouvements du réseau organique sont réduites. Dans de telles conditions, les inter-
actions électrons-trous sont tres similaires pour les familles hybrides et inorganiques
des perovskite.

Enfin, nous avons effectués de la micro-photoluminescence dépendant de la tem-
pérature. Les cartes résultantes montrent que les films mince de pérovskite sont
composés a partir des grains cristallins sombres et brillants, avec des tailles com-
prises entre 1 et 20 micrometres dans le cas de l’halogénure mixte MAPbCl x I 3−x.
Nous démontrons que la transition de phase a basse température de tétragonale
a orthorhombique est incomplete dans tous les matériaux étudiés, car des restes
de la phase tétragonale se trouve meme a T = 4 K. Ceci est le plus évident dans
le FAPbBr 3, ou les domaines macroscopiques de la phase tétragonale, s’étendant
sur des centaines de grains adjacents. Dans d’autre composés, la surface des inclu-
sions tétragonales est limitée a la taille de grains monocristallins. Ces inclusions
peuvent etre encore plus petites, en raison des grandes longueurs de diffusion des
porteurs dans les perovskites. Les matériau tétragonaux a faible bande interdite
peut collecter des porteurs sur de grandes régions, ce qui donne lieu a un pic PL
relativement fort correspondant a la phase tétragonale. En étudiant les régions
structurellement endommagées et photo-recuites, ou l’apparition de la phase tétrag-
onale a basse température est renforcée, nous attribuons sa présence a la teneur
réduite en halogénures.

En effet, la micro-photoluminescence a basse températures permettent de dé-
tecter de faibles inhomogénéités dans le films de pérovskite, qui ne sont pas observ-
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ables a température ambiante.
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