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Investigation of the excitonic properties of hybrid and fully
inorganic perovskite using magneto-spectroscopy

Abstract: In recent years, hybrid organic-inorganic perovskite materials have

been employed as a light harvesters due to their excellent optical and electronic

properties, such as broad band absorption, long diffusion length, and long carrier

lifetime. The photon conversion efficiency of hybrid perovskite based solar cells has

increased from 6.9% to 23.6% within the last few years. Moreover, compared to

traditional photovoltaic materials (e.g. GaAs, Si), the hybrid perovskite materials

are inexpensive and easy to synthesize.

The aim of this thesis is to investigate the optical and electronic properties of

perovskite materials using magneto-optical techniques. We have investigated the

relationship between the excitonic properties and the microstructure of hybrid

perovskites. We have performed magneto-transmission measurement on MAPbI3

polycrystalline thin films and magneto-reflectivity measurement on a MAPbI3

single crystal. We find that, at low temperature, the exciton binding energy and

reduced mass are the same for all MAPbI3 samples with a variety of crystal grain

sizes. To generalize our finding for MAPbI3 to other perovskite compositions,

we also performed magneto transmission measurement on state of the art triple

cation perovskites Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 polycrystalline thin

films with two considerably different crystal grain sizes. The reduced mass and

binding energy of excitons in these two samples are identical. Thus, we conclude

that the microstructure plays a negligible role in the exciton properties of hybrid

perovskites, regardless of the thin film deposition technique and final morphology.

Finally, we have investigated the electronic properties of the fully inorganic

perovskites, namely CsPbX3 compounds (X = I or Br or a mixture of those). We

have performed temperature dependent transmission and magneto transmission

measurements on a range of CsPbX3 compounds. The temperature dependent

measurement of all the Cs based perovskites shows a continuous increase of the

band gap energy with the increasing temperature, indicating that CsPbX3 does

not undergo a structural phase transition in the temperature range from 4 K to

270 K. By performing the magneto-transmission measurement on CsPbX3, we have

determined the exciton binding energies and reduced mass with high accuracy.

A comparison of the values of dielectric constant for the fully inorganic and the

hybrid organic-inorganic perovskites indicates that, at low temperature when the

organic cations are frozen, the dominant contribution to the dielectric screening is

related to the relative motion within the lead halide cage.

Keywords: hybrid perovskites, photovoltaics, phase transition, exciton binding

energy, effective mass
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Etudé des propriétés excitoniques de la perovskite hybride et
entièrement inorganique par magnéto-spectroscopie

Abstract: Au cours des dernières années, les perovskites hybrides organiques-

inorganiques ont été employées en tant qu’absorbeurs de lumière, en raison de

leures excellentes propriétés optiques et électroniques, comme par exemple une

absorption sur une large bande spectrale, une grande longueur de diffusion et

longue durée de vie des porteurs de charge photo-excités. L’efficacité de conversion

des photons des cellules solaires hybrides à base de pérovskites a augmenté de

6,9% à 23,6% au cours des dernières années. De plus, par rapport aux matériaux

photovoltäıques traditionnels (comme par exemple le GaAs ou le silicium), les

perovskites hybrides sont peu coûteuses et faciles à synthétiser.

Le but de cette thèse est d’étudier les propriétés optiques et électroniques des

perovskites à l’aide de spectroscopie magnéto-optique. Nous avons étudié la

relation entre les propriétés excitoniques et la microstructure des perovskites hy-

brides. Nous avons effectué des mesures de magnéto-transmission sur des couches

minces polycristallines de MAPbI3 et des mesures de magnéto-réflectivité sur un

monocristal de MAPbI3. Nous avons monté que, à basse température, l’énergie de

liaison de l’exciton et sa masse réduite sont les mêmes pour tous les échantillons de

MAPbI3 indépendamment de la taille des cristaux. Pour généraliser nos résultats

obtenus sur le MAPbI3 à d’autres composés ayant une structure de perovskite, nous

avons également effectué des mesures de magnétotransmission sur des pérovskites

à cation triple de dernière génération, Cs0,05(MA0,17FA0,83)0,95Pb(I0,83Br0,17)3,

en couches minces polycristallines avec deux tailles de grains différentes. La

masse réduite et l’énergie de liaison des excitons dans ces deux échantillons sont

identiques. Ainsi, nous concluons que la microstructure joue un rôle négligeable

dans les propriétés excitoniques des pérovskites hybrides, indépendamment de la

technique de dépôt de la couche mince et de la morphologie finale.

Enfin, nous avons étudié les propriétés électroniques des pérovskites entièrement

inorganiques, à savoir les composés CsPbX3 (X = I ou Br ou un mélange de

ceux-ci). Nous avons effectué des mesures de transmission en fonction de la

température et de magnétotransmission sur une gamme de composés CsPbX3.

Les mesures en fonction de la température de toutes les pérovskites à base de

Cs montre une augmentation monotonique de l’énergie de bande interdite avec

la température, ce qui indique que ces composés ne subissent pas de transition

de phase structurale dans la plage de température de 4 K à 270 K. En effectuant

des mesures de magnéto-transmission sur CsPbX3, nous avons déterminé les

énergies de liaison de l’exciton et la masse réduite avec une grande précision. Une

comparaison des valeurs de constante diélectrique des pérovskites inorganiques et

inorganiques montre que, à basse température lorsque les mouvements des cations

organiques sont interdits, la contribution dominante à l’écrantage diélectrique est

liée au mouvement relatif dans la cage à base de halogénures de plomb.

Mots-clés: perovskites hybrides, photovoltäıque, transition de phase, én-
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B.4.2 Dépendence en temperature de la reflectivité . . . . . . . . . 93

B.4.3 Magnéto-réflectivité à haute température . . . . . . . . . . . 94

B.5 Mesure de magneto-transmission de CsPbX3 . . . . . . . . . . . . . 95
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Bibliography 103





Chapter 1

Introduction

Contents

1.1 Perovskite structure . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Tolerance factor . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Hybrid perovskite . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.1 Tuning the band gap . . . . . . . . . . . . . . . . . . . . . . . 4

1.2.2 Structural phase transition . . . . . . . . . . . . . . . . . . . . 7

1.2.3 Morphology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.3 Electronic properties of hybrid perovskite . . . . . . . . . . 10

1.3.1 Band structure . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.3.2 Spin-orbital coupling . . . . . . . . . . . . . . . . . . . . . . . . 13

1.3.3 Rashba effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.4 Fully inorganic perovskite . . . . . . . . . . . . . . . . . . . . 15

1.4.1 CsPbI3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

1.4.2 CsPbBr3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

1.5 Evolution of the mixed cation perovskite . . . . . . . . . . . 18

1.5.1 Mixed cation compounds in single junction solar cells . . . . . 19

1.5.2 Mixed cation compounds in Si/perovskite tandem solar cells . 20

1.5.3 Mixed cation compounds in perovskite/perovskite tandem so-

lar cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

1.6 Absorption in semiconductors . . . . . . . . . . . . . . . . . . 22

1.6.1 Excitons in semiconductors . . . . . . . . . . . . . . . . . . . . 22

1.6.2 Free carriers in a magnetic field . . . . . . . . . . . . . . . . . . 24

1.6.3 Free excitons in a magnetic field . . . . . . . . . . . . . . . . . 26

1.1 Perovskite structure

Perovskites form a wide class of materials having the same crystal structure as

calcium titanate (CaTiO3), named after the Russian mineralogist Lev Perovski in

1839 [Wenk 2016]. Perovskites are interesting for their flexibility of chemical substi-

tution and have a wide range of industrial applications. For example, BaTiO3 is a

well recognized material for applications in ferroelectrics [Megaw 1945], YBa2Cu3O7

opened a new approach to high-temperature superconductivity [Wu 1987], and
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Ba(Zn1/3Ta2/3)O3, with a high dielectric constant, is widely used as frequency filters

in wireless communications [Tamura 1986].

The general chemical formula of a perovskite structure is ABX3. The unit cell

consists of a large cation A, a small cation B and three anions X. A schematic

view of the unit cell of a perovskite structure in the cubic phase is presented in

Fig. 1.1(a). The A cation sits at the corner positions, the B cation is located at

the body center, and the X anions are located at the center of the cubic face. In

a perovskite structure, one B cation and six X anions form an octahedra (BX6

octahedra), where the B cation is located at the center of the octahedra and X

anions are located at the corners around the B cation (6-fold coordination). In fact,

the perovskite structure can be described as follows, the BX6 octahedra forms a

three dimensional network by connecting all the corners, while the A cations fill the

holes among the octahedra (12-fold coordination), as shown in Fig. 1.1(b).

Figure 1.1: (a) Perovskite structure with the chemical formula ABX3. (b) the

extended network structure connected by BX6 octahedra. Red, blue, green

spheres represent the A, B cations and X anion. Figure reprinted after refer-

ence [Cheng 2010].

1.1.1 Tolerance factor

The ideal cubic perovskite structure is quite rare and can be found only in a few

compounds, such as CaRbF3 or SrTiO3 [Johnsson 2007]. In an ideal cubic per-

ovskite structure, the length of the unit cell (a) is related to the ionic radii by:

a =
√

2(rA + rX) = 2(rB + rX), (1.1)

where rA, rB and rX are the ionic radii of the A, B cations and the X anion.

For the majority of perovskite compounds, the ionic radii of the A and B cations

and the X anion do not fulfill Eq. 1.1. In this case, the BX6 octahedron are distorted

(tilted or rotated), and the symmetry of the crystal is lower than the ideal cubic

structure. In order to describe the degree of the distortion, Goldschmidt’s tolerance

factor t is introduced:

t =
rA + rX√

2(rB + rX)
, (1.2)
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Due to the different degrees of distortion, perovskite structures can be loosely

classified in the following way: (i) Orthorhombic, with the highest distortion and

lowest symmetry, characterized by a tolerance factor t < 0.87. (e.g. CaTiO3,

GdFeO3) [Johnsson 2007, Sachdev 2006]. (ii) Tetragonal, with less distortion and

a higher tolerance factor being in the range of 0.81 < t < 0.87. (iii) Cubic,

which is expected to be stable in the range of 0.89 < t ≤ 1 (e.g. SrTiO3,

BaTiO3) [Buttner 1992, Johnsson 2007], and (iv) Hexagonal, which occurs for t > 1

(e.g BaNiO3) [Johnsson 2007]. Since the tolerance factor mainly considers the ionic

bonds, such a classification of the perovskite structure using this parameter alone

is only a rough approximation.

1.2 Hybrid perovskite

In recent years, a large family of the hybrid organic-inorganic perovskites have

gained considerable attention due to their potential applications, for example light-

emitting diodes (LED) [Cho 2015], lasers [Xing 2014] and perhaps most impor-

tantly, high efficiency photovoltaic devices [Kojima 2009, Liu 2013].

Hybrid organic-inorganic perovskites are formed when the inorganic A cation

is replaced by an organic one. Due to the limited space between the inorganic

octahedra, only small organic cations, consisting of three or less C-C or C-N bonds,

can fit inside the perovskite structure. The most common organic A cations are

Methylammonium (MA: CH3NH+
3 ) or Formamidinium (FA: CH(NH2)+

2 ). The B

cations are usually Pb2+ or Sn2+, while X anions come from the group VII halides

( Br−, Cl−, I−, or a mixed composition of those).

It has been suggested, that hybrid perovskites have a strong self-assembling

character during the crystal formation; (i) the inorganic ions are favorable to form

the octahedral network, and (ii) the organic molecules are favorable to occupy the

vacancies between the octahedra [Cheng 2010]. This character make this kind of ma-

terials easy to synthesize through a variety of fabrication methods, such as sequential

deposition [Burschka 2013], solution-processed [Yang 2015b], vapor-assisted depo-

sition [Chen 2013], and vacuum evaporation techniques [Liu 2013].

Another property of the hybrid perovskites is that it is relatively easy to

substitute A, B cations or halide ions by other elements. Using chemical sub-

stitution, one can tune the band gap energy over a wide range from 1.1 eV to

3.1 eV [Suarez 2014, Hoke 2015, Zhao 2017], which covers the entire visible, and

part of the near infrared range of the spectrum.

In addition to the properties described above, hybrid perovskites are also char-

acterized by their strong broad band absorption, long diffusion length [Dong 2015]

and long carrier life time [Stranks 2013]. All these properties make hybrid per-

ovskite very promising as light harvesters for low-cost and high-efficiency solar cells.

MAPbI3, as a prototype of this family, was first used as an active layer in the solar

cell devices in 2009 [Kojima 2009].
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1.2.1 Tuning the band gap

The band gap of the perovskites can be easily tuned by chemical substitution.

In hybrid perovskite material, the conduction band minimum (CBM) and valence

Figure 1.2: (a) UV-visible absorption spectra of MAPb(I1−xBrx)3 measured with an

integral sphere. (b) Photographs of MAPb(I1−xBrx)3 deposited on glass substrate.

After [Noh 2013].

band maximum (VBM) are mainly made up from the p or s orbital of the B cation

and X anions. The organic cations mainly contribute to the flat bands in the

band structure, which are far from the CBM and VBM [Borriello 2008, Jin 2012].

Thus, the inorganic octahedra cage play an essential role in determining the band

gap energy. Although the organic cation does not directly contribute to the band

gap, their steric effect (size and symmetry) influences the inorganic octahedra, and

therefore influences the band gap [Katan 2015, Amat 2014].

1.2.1.1 Influence of the halide ions

By mixing the composition of the halogen atoms in MAPbX3, it has been shown

that the bandgap can be tuned to cover the entire visible spectral range [Noh 2013,

Hoke 2015, Huang 2014]. For example, at room temperature, MAPbI3 has a

bandgap Eg ≈ 1.6 eV, while MAPbBr3 has a bandgap Eg ≈ 2.2 eV [Hoke 2015].

Using a mixture of the I and Br atoms gives a tunable bandgap from 1.6 eV to

2.2 eV, which is shown in Fig. 1.2 [Noh 2013]. Panel (a) shows the UV-visible ab-

sorption spectra of MAPb(I1−xBrx)3 for the pure tri-iodide, via mixed iodide and

bromide, to pure tri-bromide. With the increasing bromide compositions, the ab-

sorption energies of MAPb(I1−xBrx)3 shift toward higher energy. Panel (b) shows

photographs of the MAPb(I1−xBrx)3 with 11 different halide compositions. With
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increasing bromine composition, the color of the MAPb(I1−xBrx)3 changes from

a dark brown (MAPbI3) to a light yellow (MAPbBr3), which simply reflects the

change of the band gap. By incorporating lighter chlorine ions, it is even possible

to tune the band gap to the UV range (Eg ≈ 3.1 eV for MAPbCl3) [Suarez 2014].

Similar phenomenon of band gap tuning by changing the halide composition are

observed for FA based perovskite compounds [Eperon 2014].

1.2.1.2 Influence of the B cation

The band gap of MAPbX3 only varies from 1.6 eV (MAPbI3) to 3.1 eV (MAPbCl3),

corresponding to the spectra range from 540 nm to 780 nm. To extend the band

gap toward the mid-infrared range, we have to modify the chemical composition

of the B cations. MASnI3 compound is reported to exhibit a band gap around

1.2 eV [Noel 2014]. Several reports suggest that substituting partially Pb2+ by Sn2+

Figure 1.3: Band gap energy of MA(SnxPb1−x)I3 as a function of Sn content Af-

ter [Zhao 2017].

in MAPbI3 can substantially change the band gap [Hao 2014a, Ke 2017, Zhao 2017].

Zhao et al. [Zhao 2017] have reported a band gap tuning for MA(SnxPb1−x)I3 in

the Sn composition range 0 < x < 1. The band gap energy of MA(SnxPb1−x)I3 as

a function of Sn content is shown in Fig. 1.3. With higher Sn content, the band gap

shifts toward lower energy. In contrast to the band gap tuning by the halide com-

position, which exhibits a monotonic change in the band gap, the alloy of B cation

in MA(SnxPb1−x)I3 shows a band gap bowing with a local minimum. The lowest

band gap (1.19 eV) is obtained when Sn content reaches 80% [Zhao 2017]. Similar

band gap bowing behavior is observed by Hao et al [Hao 2014b]. However, they

reported a minimal band gap of MA(SnxPb1−x)I3 occurs at 50% Sn composition.

It is worth mentioning here that the Sn/Pb mixed perovskites are not always stable

and sometimes undergo a phase separation. The difference in Sn composition for

the minimum bandgap may arise from the way of the sample is prepared and the

chemical composition. Various sample preparation procedures have been used. Hao

et al. [Hao 2014b] first mixed MAI and MX2 (M = Sn, Pb) in an aqueous HI/H3PO2

solvent at 373 K, and then slowly cool down the solution to room temperature to

form the polycrystalline thin film. Zhao et al. [Zhao 2017] first prepared the pure

lead and tin precursor solution. The MA(PbxSn1−x)I3 perovskite was prepared by
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mixing the corresponding ratio of pure lead and tin perovskite precursor solutions.

In addition to the differences in the thin film preparation procedure, the chemi-

cal composition is also slightly different. Zhao et al. dissolved PbI2 and MACl to

form a pure lead precursor solution. However, this inevitably induces Cl− in the

MA(PbxSn1−x)I3 perovskites. On the other hand, Hao et al. used pure I− as the

halide anions.

1.2.1.3 Influence of the organic cation

With different A-cations, hybrid perovskite exhibit a different band gap. For exam-

ple, at room temperature, the band gap of FAPbI3 is 1.5 eV [Eperon 2014], while

the band gap of MAPbI3 is 1.64 eV. Pellet et al. [Pellet 2014] demonstrated a linear

dependence of the band gap with FA compositions in mixed cation MAxFA1−xPbI3.

Moreover, the organic cations do not directly influence the band gap. Borriello et

al. [Borriello 2008] suggest that the band gap is influenced by the size of the embed-

ded organic cation. They claim that the band gap is very sensitive to any modifica-

tion of the octahedra. The effective ionic radii of FA is higher than that of MA. The

size of the organic cation influences the volume, tilting angle and deformation of

the inorganic cage, and therefore, influences the band gap energy [Borriello 2008].

Figure 1.4: Atomic structure of methylammonium (MA) and formamidinium (FA).

Figure reprinted from [Amat 2014].

In a more complete study, Amat et al. [Amat 2014] take the exact form of

the structural phase and spin-orbital coupling into consideration to investigate the

influence of the A-cations on the band gap. The organic cation usually has a

non-spherical geometry and rotates constantly in the lattice. Fig. 1.4 shows the

schematic representations of MA and FA [Amat 2014]. Compared to the MA

molecule, the FA molecule has a higher number of hydrogen bonds. As a con-

sequence, FAPbI3 exhibits a trigonal/pseudocubic crystal structure at room tem-

perature, while MAPbI3 exhibits a tetragonal crystal structure [Amat 2014]. The

trigonal structure amplifies the ionic character of Pb-I bonds, which enhances the

Pb character of the conduction band, and thus increases the effect of spin-orbit

coupling, which lower the band gap energy of FAPbI3 [Amat 2014]



1.2. Hybrid perovskite 7

1.2.2 Structural phase transition

As described in Section 1.1.1, perovskite structures are classified into different phases

due to the degree of distortion, namely orthorhombic, tetragonal, cubic and hexago-

nal structures. The classification according to the tolerance factor described in Sec-

tion 1.1.1 is highly inaccurate for hybrid perovskites [Kieslich 2014, Kieslich 2014].

The tolerance factor was essentially developed for inorganic oxide perovskites, and

mainly consider the ionic bonds [Li 2016]. When organic cations are incorpo-

rated into the perovskite structure, their polar character leads to an interaction

between the organic cations and the inorganic cage, resulting in additional disor-

der [Amat 2014].

Table 1.1: Temperature dependence of the crystal structure of MAPbX3 (X=Cl, Br

or I). Data after the reference [Oku 2015].

Matrial Cubic Tetragonal Orthorhombic

MAPbI3 > 330 K 161 K to 330 K < 161 K

MAPbBr3 > 236 K 154 K to 236 K < 149 K

MAPbCl3 > 177 K 172 K to 177 K < 172 K

The structural phase of the hybrid perovskite material depends mainly on the

temperature induced distortion. At different temperatures, perovskite material ex-

hibit a different lattice constant, degree of distortion, and thus, different structural

phases. For example, MAPbX3 can be in three different structural phases. When

the temperature increases, they undergo structural phase transitions (second or-

der) from orthorhombic to the tetragonal phase, and then to the cubic phase. The

phase transition temperature varies for different chemical compositions. Table 1.1

summarizes the temperature dependence of the crystal structure of MAPbX3.

To understand the behavior of organic cation and inorganic octahedra in differ-

ent phases, we show in Fig. 1.5 the crystal structure of (a) orthorhombic, (b) tetrag-

onal, and (c) cubic structure of MAPbI3 [Brivio 2015]. MAPbI3 perovskite crystals

exhibit a orthorhombic phase at low temperature up to 161 K. In the orthorhombic

phase, the PbI6 octahedra are strongly deformed (as shown in Fig. 1.5(a)), which

restricts the rotational degrees of freedom of MA [Motta 2015]. In this case, the

organic cation is fully ordered. The ordering may be sensitive to the material

preparation or cooling rate into this phase [Brivio 2015]. Around 160 K, the or-

thorhombic structure is transformed to the tetragonal phase. In the tetragonal

structure, the MA cations are partially ordered [Whitfield 2016] and start to have

the freedom to rotate. The PbI6 octahedra are less distorted and tilted, as shown

in Fig. 1.5(b). Above 330 K, MAPbI3 exhibits a cubic symmetry. In the cubic

phase, the MA cations are fully disordered and free to rotate between the octahe-

dra. NMR measurements have shown that the exact location of the MA cations

cannot be determined [Knop 1990].
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Figure 1.5: The crystal structure of (a) orthorhombic, (b) tetragonal, and (c) cubic

phase of MAPbI3. The upper and lower panels are oriented though <100> and

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

The structural phase transitions influence the electronic properties of hybrid

perovskites. The most straightforward influence is the change of the band gap.

Depending on the compound, the phase transition from the orthorhombic to the

tetragonal phase can be accompanied by tens of meV decrease of the band gap

energy [Yamada 2015, Kunugita 2015]. Another influence of the structural phase

transition is the dielectric screening. In the orthorhombic phase, the organic cations

are frozen and cannot rotate, while the organic cations start to move and rotate in

the tetragonal phase. The movement of the organic cations increases the dielectric

screening, which should result in a lower exciton binding energy in the tetragonal

phase. This phenomenon was proposed by Even et al [Even 2014b, Poglitsch 1987,

Onoda-Yamamuro 1992], and confirmed by the magneto-optical measurements of

Miyata et al. [Miyata 2015].

In polycrystalline perovskite films, it is worth to mention that the orthorhom-

bic/tetragonal phase transition does not happen uniformly over the whole film.

It has been reported that part of the polycrystalline film remains in the tetrag-

onal phase at temperatures even below the phase transition. Indeed, rem-
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nants of the tetragonal phase can be found at temperatures as low as T =

4 K [Wehrenfennig 2014, Galkowski 2017]. In addition, it is also reported that the

phase transition temperature strongly depends on the size of the crystalline grains,

when the crystalline grain size is below 500 nm [Li 2016].

1.2.3 Morphology

Nowadays, a variety of fabrication methods are employed to prepare the perovskite

materials, such as single-step [Kim 2016], sequential deposition [Burschka 2013] or

gas assisted techniques [Huang 2014]. This leads to a variety of morphologies for

perovskite materials. For the polycrystalline thin films, the crystal grain size can

vary from tens of nanometers to microns. With a low temperature supersatu-

rated solution approach, it is even possible to obtain millimeter size single crys-

tals [Dong 2015, Shi 2015]. The morphology plays a very important role in per-

ovskite materials, since it can influence the diffusion length or carrier lifetime and

in consequence the efficiency of the solar cells.

Several reports have shown that the crystal grain size play a non-negligible role

for the carrier diffusion length. For example, Xiao et al. [Xiao 2014] have shown

that the the carrier diffusion length in MAPbI3 thin film can increase to 1µm,

when the annealing procedure enlarges the crystal grain size. Indeed, Dong et al.

show that the carrier diffusion length > 175µm are obtained in a MAPbI3 single

crystal [Dong 2015].

The morphology also has an influence on the carrier life time. Due to the

inhomogeneous character of the thin films, the emission does not occur uniformly

over the film. Vorphl et al. [Vorpahl 2015] have demonstrated that the MAPbI3(Cl)

thin films are composed of dark and bright regions. A confocal PL image of a

3µm by 3µm region of MAPbI3(Cl) is shown in Fig. 1.6(A). The image clearly

demonstrate that bright and dark regions co-exist in the same film. The PL spectra

from dark and bright region are shown in Fig. 1.6(B). The PL intensity from a dark

region is significantly lower than that of a bright region. Fig. 1.6(C-E) shows the PL

decay of the indicated dark and bright region at low, medium and high excitation

fluences, respectively. The PL decay curve from the bright region clearly show

a single, long decay, while the dark region show a double exponential PL decay

curve, composed of a short and a long decays. This is mainly due to the fact that,

compared to the bright regions, dark regions have a higher density of deep trap

states, resulting in a shorter carrier life time and low PL intensity [Vorpahl 2015].

These results point out that perovskite material have significant nonradiative losses

due to the inhomogeneity, which are detrimental for the overall performance of the

perovskite devices. Therefore, it is essential to remove these nonradiative pathways

to obtain uniform perovskite film with only bright grains.

In addition to the parameters discussed above, it was also suggested, by Grancini

et al. [Grancini 2015], that the film morphology has an influence on the Coulomb

interaction between the electron and holes. Analyzing the results of temperature

dependent time resolved transmission spectra, they claim that the exciton binding
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Figure 1.6: (A) A 3µm-3µm fluorescence image of the MAPbI3(Cl) perovskite film.

(B) PL spectra of bright (red square) and dark (blue circle) regions. (C)-(E) Time

-resolved PL decay curves of bright (red square) and dark (blue circle) regions,

measured at indicated excitation power. After [Vorpahl 2015].

energy can vary depending upon the microstructure of the perovskite film. As we

will see, the results presented in this thesis clearly demonstrate that this is not the

case.

1.3 Electronic properties of hybrid perovskite

To further improve the performance of the hybrid perovskite material in solar cells,

a deep understanding of the fundamental properties is important. Here, we sum-

marize the known electronic properties of the hybrid perovskite materials.

1.3.1 Band structure

The calculation of the band structure of hybrid perovskites is mainly performed

by using density functional theory (DFT) [Even 2012, Even 2013, Even 2014b].

Here, the DFT simulation of MAPbI3 in the cubic phase, performed by Even et

al. [Even 2015], is taken as an example to illustrate the band structure in hybrid

perovskites. The cubic phase of MAPbI3 has a Pm3m space group symmetry, and

the space group I4/mcm is used to describe the tetragonal phase [Whitfield 2016].
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The space group I4/mcm is a subgroup of Pm3m, in other words, tetragonal and

cubic structure obey a group-subgroup relation [Even 2015].

Figure 1.7: (a) Real space 3D view of cubic crystal structure of the hybrid per-

ovksite. (b) Reciprocal-space 3D view showing the first Brillouin zone. (c) Fermi

surface (E = -0.5 eV) in the first Brillouin zone. Points R and M are connected

along the edges. After [Even 2015].

The ideal cubic structure in real space and corresponding first Brillouin zone

of hybrid perovskites are shown in Fig. 1.7(a-b). In the Brillouin zone, we can

distinguish a number of important high symmetry points: The Γ-point, which is

located in the center, the X-point at the face center of the Brillouin zone boundary,

the M -point at the center of the cube edge, and the R-points are vertices of the

cube. Fig. 1.7(c) shows the Fermi surface (isoenergy surface below the valence band

maximum at -0.5 eV) of MAPbI3 in the first Brillouin zone. R and M points are

connected along the edge. Here, the M points are the saddle points.

Figure 1.8: Electronic band structure for the cubic phase of MAPbI3. Vertical ar-

rows show various possible optical transitions close to the band gap energy. Optical

transitions along the line between the M and R points generate carriers that easily

relax toward the R point. After [Even 2015]
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The calculated band structure for the cubic phase of MAPbI3 is shown in

Fig. 1.8. The theoretical calculation for MAPbI3, based on DFT, indicates that

optical absorptions are related to two high symmetry points, namely R and

M [Even 2014a]. The direct band gap at the R point is the primary band gap.

A second direct band gap occurs at the M point. Near the R point, various possi-

ble optical transitions are dipole allowed, as shown by vertical solid colored arrows

in Fig. 1.8. The transition between E1/2g valence band and E1/2u conduction band

at the M point is also optically allowed. As discussed before, the M points have a

saddle-like nature. The carriers created in optical absorption process at the M point

will relax towards the R point along the R→M path, as schematically shown with

the colored curved arrows in Fig. 1.8. This relaxation process is assisted by acoustic

phonons or coupling to collective molecular rotations [Even 2014b, Even 2015].

The ground state optical transition is predicted to be at the R point between

the E1/2g valence band and E1/2u conduction band states. Several other transitions

at the R point are also optical allowed. Among them, F3/2g → E1/2u and E1/2g →
F3/2u are the transition with the lowest energy. One may expect that the photo-

created carriers at R point are trapped in F3/2u and F3/2g states. However, due

to the optical phonon assisted relaxation, the carriers further relax through the

path F3/2u → E1/2u (holes) and F3/2g → E1/2g (electrons) [Even 2014b]. Thus, the

hybrid perovskites are characterized by broad band absorption, due to the numerous

optical allowed transitions discussed above.

Figure 1.9: Electronic band structures for the (a) orthorhombic (b) cubic (c) tetrag-

onal phase of MAPbI3. After [Even 2015]

From high temperature to low temperature, the MAPbI3 transforms from cubic
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structure to tetragonal structure, then to orthorhombic structure. The electronic

band structures for the orthorhombic, cubic and tetragonal phase of MAPbI3 are

shown in Fig. 1.9(a)-(c) [Even 2015]. In the orthorhombic and tetragonal phase,

the tilts of inorganic octahedra and the reduced symmetry result in an increased

band gap. Moreover, the ground state transitions are of a direct type at the Γ-point

instead of R-point and M-point. The electronic states from R and M-points in the

Brillouin zone of cubic structure are folded back to Γ-point in the Brillouin zone of

tetragonal and orthorhombic structure. It is worth mentioning that the spin-orbital

coupling effect is not taken into account in Fig. 1.9.

1.3.2 Spin-orbital coupling

In hybrid perovskites, the bandgap is dominated by a strong spin-orbit coupling

(SOC) effect, particularly in the conduction band. In the band structure of hybrid

perovskites, reported by Papavassiliou et al. [Papavassiliou 1994], the conduction

band is constructed mainly from the p-orbitals of the B cations, whereas the valence

band arises from the p-orbitals of the halide atom and the s-orbital of the B cations.

The hybridization of the p-orbital of the B cations and the halide induces spin-orbit

split conduction and valence bands in perovskite materials [Katan 2015].

Figure 1.10: Electronic band structure of MAPbI3 in the low-temperature or-

thorhombic phase without (a) and with (b) spin-orbit coupling interaction. The

origin of the energy scale is taken at the top of the valence band. (c) Overview of

the orthorhombic phase crystal structure. After [Even 2013].

The major role of the SOC is that it significantly reduces the band gap by

inducing a large splitting of the lowest degenerate levels in the conduction band.

As an example, Fig. 1.10(a), (b) shows the band structure of MAPbI3 in the low-

temperature orthorhombic phase with and without the SOC interaction [Even 2013].

As mentioned in previous section, unlike the cubic phase, the ground state transi-

tions are of a direct type at the Γ-point for the orthorhombic phase. They mainly



14 Chapter 1. Introduction

involve eight active Bloch levels: two levels for the valence band maximum and

six levels for the conduction band minimum. Comparing Fig. 1.10(a) and (b), it is

clear that the SOC induces a large band gap correction of MAPbI3, namely, the

conduction band undergo a dramatic splitting, while the valence band are nearly

unaffected.

Due to the SOC effect, the band gap of perovskite materials exhibits a blue

shift with the increasing temperature. This is quite counterintuitive, since ma-

jority of semiconductor materials shows a red shift with the increasing temper-

ature [Varshni 1967]. The underlying reason is that, when the temperature in-

creases, the unit cell expand, resulting in a larger B-X distance. As a consequence,

the strength of the SOC is reduced, resulting in a smaller splitting and therefore

larger band gap [Katan 2015].

The optical absorption in semiconductors is mainly related to the formation of

the exciton and transitions involving free carriers. The simulation based on DFT

only deal with the band structure, and therefore describes only the transitions of

free carriers.

1.3.3 Rashba effect

Figure 1.11: Schematic view of band dispersion in the absence of Rashba effect (a),

and band dispersion including the Rashba effect. After [Kepenekian 2017]

In semiconductors, when the spin-orbit coupling effect is combined with the loss

of centrosymmetry, it results in a k-dependent spin splitting of the band structure,

namely, the Rashba effect. Several theoretical reports have predicted a Rashba

effect in the hybrid perovskites [Even 2014b, Brivio 2014, Katan 2015]. By combin-

ing ab initio molecular dynamics, DFT and relativistic quasi-particle GW theory,
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McKechnie et al. [McKechnie 2017] investigated the electronic band structure of

MAPbI3 and CsPbI3. They claim that the Rashba effect may arise from the local

asymmetry induced by the lead halide octahedra distortion.

The hybrid perovskites are characterized by a large density of defects at the

surface or grain boundaries [Shkrob 2014]. In principle, these defects are sup-

posed to act as a carrier trap center, which will significantly reduce the car-

rier life time. However, hybrid perovskites exhibit an extremely long carrier life

time [Stranks 2013], which is quite surprising. The Rashba effect is proposed

to be one of the explanations for the long carrier life time in the hybrid per-

ovskites [Kepenekian 2017]. To understand the influence of Rashba effect on the

carrier life time, we show in Fig. 1.11 the schematic view of band dispersion with

(a) and without (b) the Rashba effect. Originally, the band is doubly degenerate, as

shown in Fig. 1.11(a) [Kepenekian 2017]. When the Rashba effect is induced, the de-

generacy in momentum is lifted, the original parabolic band split into two branches,

as shown in Fig. 1.11(b). When the Rashba effect is observed in the valence band

or the conduction band, it result in a direct to indirect band gap transition. The

indirect band gap suppresses the momentum conserving carrier recombination, thus

enhancing the carrier life time.

To date, the Rashba effect has only been observed in MAPbBr3 single

crystal by Niesner et al. using angle-resolved photo emission spectroscopy

(ARPES) [Niesner 2016]. The ARPES technique only probes the surface of the sam-

ple and is mainly used to investigate the states in valence band [Dil 2009]. However,

the hybrid perovskites exhibit a strong SOC in the conduction band [Even 2014b].

Moreover, to date, no other group has managed to repeat the ARPES observation

of the Rashba effect. Therefore, the Rashba effect in perovskite materials is still

under debate, and more detailed experimental investigations are needed.

1.4 Fully inorganic perovskite

MAPbI3, although it has many advantages, has limited practical use due to its

unstable character under ambient conditions. For example, it can easily dis-

sociate into PbI2 and MAI under environmental stress (moisture or tempera-

ture) [Wang 2016, Philippe 2015]. FAPbI3 has a lower band gap than MAPbI3,

resulting in a higher efficiency of the solar cell devices. However, due to the large

ionic radii of FA+, FAPbI3, it is favorable to form a photo-inactive phase at room

temperature [Eperon 2014]. Although the photo-inactive and photo-active phase

transition of FAPbI3 can be reversed by annealing, the long term stability still limit

the application of FAPbI3 in photovoltaic devices.

To overcome the instability problems of hybrid perovskites, cesium can be incor-

porated to form mixed cation perovskites, which show better stability and higher

efficiency. In this mixed cation perovskites, Cs+ plays an essential role due to its

smaller size. Before discussing the mixed cation perovskites, we first summarize the

electronic properties and stability of CsPbX3.
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1.4.1 CsPbI3

Of the fully inorganic perovskites, CsPbI3 has received most attention due to the

fact that cubic CsPbI3 exhibits a band gap around 1.7 eV, which is very close to the

optimal band gap energy for the top cell of tandem solar cell structure [Shah 1999].

Nevertheless, the CsPbI3 compound also has stability problems, which limit its

Figure 1.12: Two morphologies of CsPbI3: non-perovskite “yellow” phase (left) and

“black” perovskite cubic phase (right). After [Eperon 2015].

practical applications. The ionic radius of the Cs+ cation (1.73 Å) is comparable to

that of the I− anion, which results in a rather low values of Goldschmidt’s tolerance

factor. The cubic structure are formed at the temperature much higher than the

temperature of operational conditions. That is, in CsPbI3 it is favorable to form a

cubic perovskite structure above 583 K as shown in Fig. 1.12(b). The cubic phase

has a black color with band gap around 1.7 eV, thus, it is also called “black” phase.

At room temperature, CsPbI3 compounds reveal a high level of structural distortion,

with a non-perovskite, orthorhombic “yellow” phase with band gap around 2.8 eV,

as shown in Fig. 1.12 [Eperon 2015]. Under ambient conditions, the black phase of

CsPbI3 transforms to the yellow phase almost immediately [Beal 2016].

1.4.1.1 Band structure of CsPbI3

The density of states of CsPbI3 shows that the origin of its band gap is largely the

same as MAPbI3. That is, the p-orbitals of I− forms the valence band maximum,

and the p-orbitals of Pb2+ forms the conduction band minimum [Brgoch 2014]. The

band structure of the yellow and black phases of CsPbI3 are presented in Fig. 1.13(a)

and (b) [Brgoch 2014]. The red solid and the black dashed lines represent the band

structure with and without the SOC effect. It is clear that SOC significantly reduces
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the band gap of CsPbI3, as for MAPbI3. In the yellow phase of CsPbI3, the PbI6

octahedra network shows a low degree of connectivity (see Fig. 1.12(a)), leading to

an extremely flat band, as shown in Fig. 1.13(a) [Brgoch 2014]. On the other hand,

the band structure of the black phase CsPbI3 (see Fig. 1.13) is similar to that of

cubic MAPbI3. The direct band gap is related to the R point. This similarity is

due to the fact that the band gap of APbI3 is comprised only of the states from the

PbI6 octahedra. Moreover, the black phase CsPbI3 shows a higher band dispersion

compared to the yellow phase CsPbI3, resulting in a lower band gap [Brgoch 2014].

As discussed above, only the lower band gap of CsPbI3 (black phase) is suitable for

photovoltaic devices.

Figure 1.13: Band structure of (a) yellow and (b) black phase of CsPbI3 with (red

solid lines) and without (black dashed lines) SOC. Horizontal lines represent the

energy level of the VBM. After [Brgoch 2014].

The main challenge of CsPbI3 for applications is to maintain the black cubic

perovskite phase at room temperature. Recent reports suggests that, with a large

surface-to-volume ratio, the CsPbI3 nanocrystals can remain in the black cubic

phase under ambient conditions [Swarnkar 2016, Lai 2017, Waleed 2017]. Swarnkar

et al. [Swarnkar 2016] have fabricated the CsPbI3 quantum dots with size varies

from 3.4 nm to 12.5 nm. Due to the quantum confinement effect, the band gap shifts

toward high energy with decreasing crystal size. Notably, the CsPbI3 quantum dots

with ≈9 nm size remain in the cubic phase for more than 60 days [Swarnkar 2016].

Moreover, Waleed et al. and Lai et al. [Lai 2017, Waleed 2017] demonstrated that

CsPbI3 nanowires are also able to maintain the black cubic phase under ambient

condition. The underlying reason for maintaining the black cubic phase of CsPbI3

nanocrystals is still under debate. One possibility is that nanocrystals have a larger

surface energy due to the high surface-volume ratio. This surface energy com-
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pensates the required energy difference when going from the yellow to the black

phase [Ahmad 2017]. Using CsPbI3 quantum dots films as the photoative material,

Swarnkar et al. fabricated a stable photovoltaic device with a photon conversion

efficiency of 10.7% [Swarnkar 2016].

1.4.2 CsPbBr3

CsPbBr3 remains in a cubic phase at temperatures above 403 K. When the tem-

perature is lower than 403 K, it transforms to a tetragonal phase before trans-

forming to an orthorhombic phase at 361 K. However, all three morphologies of

CsPbBr3 have a perovskite structure with a similar band gap in the range of

2.3-2.4 eV [Kulbak 2015]. MAPbBr3 have a similar band gap as CsPbBr3 (Eg
of MAPbBr3: 2.32 eV). By using a variety of characterization methods, Kulbak

et al. [Kulbak 2015] have shown that CsPbBr3 shows a high thermal stability of

the perovskite structure and enhanced device life time. Despite these advantages,

CsPbBr3 is limited for the photovoltaic applications due to its large band gap.

Although several approaches have been investigated to enhance the phase sta-

bility for CsPbX3 compounds, the long term stability still remains a problem for

the photo-active phase of CsPbX3 compounds. Moreover, the PCE of CsPbX3 is

relatively low, compare to the hybrid perovskites (to date, 11.8% with CsPbI2Br

films [Chen 2017]). Thus, it is desirable to investigate a more stable perovskite

material. In next section, we summarize the recent development on the mixed

cation perovskite material with a higher efficiency, which exhibit higher efficiency

and stability than their pure A cation counterpart.

1.5 Evolution of the mixed cation perovskite

The Goldschmidt tolerance factor is an empirical index for predicting stable crys-

tal structures of the perovskite materials [Li 2015, Correa-Baena 2017]. We recall

that a value of the tolerance factor between 0.8 and 1.0 is favorable for the cubic

perovskite. Fig. 1.14 shows the correlation between the tolerance factor and the A

cation of APbI3 perovskite materials. The inset images show the cation structures.

Only APbI3 with Cs, MA, FA cations have a tolerance factor between 0.8 and 1.0,

and can form a cubic structure. The size of Na, K, Rb cation is too small, and the im-

idazolium (IA), ethylamine (EA), guanidinium (GA) are too large for APbI3 to form

a cubic structure. Although CsPbI3 and FAPbI3 can form a cubic structure (cubic

FAPbI3 above 333 K [Eperon 2014], cubic CsPbI3 above 583 K [Eperon 2015]), they

favor the formation of a photoinactive polymorph at room temperature, which limit

the their application for the photovoltaic devices. MAPbI3 degrades easily in the

presence of moisture or at high temperature. In general, even when these materi-

als are incorporated into a full solar cell architecture, they degrade within days to

weeks [Leijtens 2015].

As discussed above, the pure perovskite compounds suitable for PV applica-

tions exhibit a variety of instability problems. It has been suggested that sub-
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Figure 1.14: Tolerance factor of APbI3 perovskites as a function of A cations.

The perovskites with a tolerance factor between 0.8 and 1.0 show a photo-active

cubic phase (solid circles). The cation structures are depicted in the inset images.

After [Correa-Baena 2017]

stituting a small amount of I− by Br− is highly beneficial for the stability of

mixed halide perovskites [Jacobsson 2016]. However, when large amount of Br−

(about 50%) are incorporated in the mixed halide perovskites, it results in a par-

tial phase segregation, leading to the formation of a small amount of an iodine

rich phase [Correa-Baena 2017]. This iodine rich phase has a lower band gap and

acts as an efficient recombination center, which is detrimental for the device per-

formance [Jacobsson 2016].

Since solid-state alloying is a common tool for tailoring the optical absorption

and chemical stability of perovskite material, one way to solve these stability prob-

lems is to mix FA based perovskite compounds with some smaller A-cations (MA,

Cs or Rb) to reduce the tolerance factor.

1.5.1 Mixed cation compounds in single junction solar cells

Since different solar cell structure have different requirements for the band gaps, we

divide the discussion of the evolution of mixed cation perovskite material into two

parts, according to the solar cell structure. In this section, we discuss the recent

achievement (stability, efficient et al.) using mixed cation perovskites in the single

junction solar cells.

(FAPbI3)1−x(MAPbBr3)x. It has been reported that mixing FAPbI3 with

MAPbBr3 can enhance the stability of the photo-active perovskite phase of

FAPbI3. The PCE and structural stability of (FAPbI3)1−x(MAPbBr3)x has been

investigated with the ratio x ranging from 0 to 0.3 [Jeon 2015]. In this work,

(FAPbI3)0.87(MAPbBr3)0.13, with a PCE of 18%, was reported to be the optimal
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composition for the stabilization of the photo-active perovskite phase [Jeon 2015,

Baena 2015]. Moreover, (FAPbI3)1−x(MAPbBr3)x compounds exhibit improved

crystal morphology comparing to FAPbI3, revealed in smoother surface with re-

duced voids between the grain boundaries [Jeon 2015] .

Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3. Although the perovskite materials

with MA/FA mixed cation exhibit a higher stability than FAPbX3 in the photoative

phase, the presence of MA does not prevent this MA/FA mixed cation material from

turning into the yellow phase occasionally [Pellet 2014]. Saliba et al. have started

to investigate triple Cs/MA/FA cation mixture, where Cs is used to improve the

stability of MA/FA perovskite compounds [Saliba 2016b]. They found that a small

amount of Cs is sufficient to effectively suppress the yellow phase and induces highly

uniform perovskite grains. Csx(FA0.83MA0.17)1−xPb(I0.83Br0.17)3 with cesium con-

tent at x = 0.05 is proposed to be the optimal composition. The perovskite solar

cells using this compounds have a PCE as high as 21.1% and an output at 18%

under operational condition after 250 hours.

RbCsMAFA compounds. The ionic radii of Rb+ is slightly smaller than

Cs+, resulting in a lower tolerance factor for RbPbI3 than CsPbI3. The RbPbI3

cannot form a black perovskite phase at any temperature [Saliba 2016a]. However,

Saliba et al. has demonstrated that the incorporation of Rb cations in the triple

cation perovskite can significantly improve the solar cell performance [Saliba 2016a].

The RbCsMAFA compound based devices have a PCE up to 21.6% on small areas

(average value: 20.2%) [Saliba 2016a]. By adjusting the halide composition, the

RbCsMAFA compound based devices can reach a PCE of 22.1% (highest PCE to

date) [Yang 2017a]. In addition, compounds incorporating Rb also exhibit better

stability. After 500 hours at 358 K under the continuous illumination, the PCE of

the devices only decreases by 5%.

1.5.2 Mixed cation compounds in Si/perovskite tandem solar cells

Due to the Shockley-Queisser limit, traditional single junction solar cells have a

maximum theoretical efficiency of 30% [Shockley 1961]. To overcome this limita-

tion, multi junction solar cells are used. Theoretically, an infinite number of junc-

tions with different band gaps would have a limiting efficiency of 86.8% under highly

concentrated sunlight [Green 2001]. Recently, the concept of perovskite based tan-

dem solar cells was proposed to fully exploit the excellent absorption properties

of perovskite materials [Bailie 2015, Sivaram 2015]. The tandem architecture is a

two junction solar cell, which is composed of a rear subcell, and a front subcell.

A schematic view of tandem solar cell architecture is represented in Fig. 1.15. The

rear subcell has a narrow band gap, to absorb the low energy range of the solar

spectrum, while front subcell has a wide band gap, to absorb the high energy range

of the solar spectrum.

The perovskite based tandem solar cells are mainly divided into two types,

namely, Si/perovskite and perovskite/perovskite. In this section, we first discuss

the Si/perovskite tandem solar cell. In this kind of tandem solar cell, the front
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Figure 1.15: Schematics view of two-terminal and four-terminal tandem solar cell

structure. After [Eperon 2016].

subcell is made of perovskite material, while the rear subcell is made by silicon

with a band gap of 1.1 eV [Sivaram 2015]. The optimal band gap energy of front

subcell is proposed to be 1.75 eV [Shah 1999].

It is possible to tune the band gap by changing the halide composition of

FAPb(I1−xBrx)3 or MAPb(I1−xBrx)3. FAPb(I1−xBrx)3 compounds have a prob-

lem with a photo-inactive phase, while, for MAPb(I1−xBrx)3, soaking it with

light induces a halide segregation within the perovskite [Hoke 2015]. To fulfill

the requirements of band gap tuning and stability, Cs/FA based perovskite com-

pounds have been developed [McMeekin 2016, Beal 2016, Lee 2015]. McMeekin

et al. [McMeekin 2016] have reported a mixed cation perovskite with composi-

tion of CsFAPb(IxBr1−x)3. They have shown that partially substituting the FA

cation with Cs leads to the result that the phase instability was entirely eliminated

in the iodide to bromide compositional range. Moreover, by tuning the compo-

sition of alloyed Cs and Br, it is possible to obtain a perovskite material with

an optical band gap around 1.74 eV. The optimal composition is reported to be

Cs0.17FA0.83Pb(I0.6Br0.4)3 [McMeekin 2016]. Based on this building block, Bush et

al. [Bush 2017] reported Si/perovskite tandems with a PCE up to 23.6% by opti-

mizing the interfaces and the band gap of the top cell.

1.5.3 Mixed cation compounds in perovskite/perovskite tandem
solar cells

As mentioned above, another strategy for the perovskite tandem solar cells is

to use perovskite/perovskite structure. As the name suggests, for the per-

ovskite/perovskite tandem solar cells, both the front subcell and rear subcell are

made of perovskite material. Eperon et al. [Eperon 2016] has fabricated monolithic

tandem solar cells with two mixed cation perovskites. The SEM of the monolithic

perovskite/perovskite tandem solar cell is shown in Fig. 1.16. In this structure,

the top cell is made of FA0.75Cs0.25Sn0.5Pb0.5I3 with a band gap around 1.2 eV,
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Figure 1.16: SEM of the monolithic perovskite/perovskite tandem solar cell. Af-

ter [Eperon 2016].

while the bottom cell is made of FA0.83Cs0.17Pb(I0.5Br0.5)3 with a band gap around

1.8 eV. This solar cell exhibit a PEC of 17% with >1.65-volt open-circuit volt-

age [Eperon 2016]. Although the PEC of perovskite/perovskite tandem is still lower

than that of the Si/perovskite tandem, this kind of architecture has the advantage

of the simple bandgap tuning of perovskite absorbers and the use of inexpensive

materials [Eperon 2016].

1.6 Absorption in semiconductors

In this thesis, we mainly show and discuss the results of magneto-absorption mea-

surement on different perovskite materials. The optical absorption in semiconduc-

tors are mainly related to the formation of the excitons and the transition of free

carriers. In this section, we introduce a short summary of the main features of

excitons. Then, we discuss the influence of a magnetic field on the free carriers and

the free excitons in the perovskite materials.

1.6.1 Excitons in semiconductors

In a semiconductor material, the absorption of a photon creates an electron in

the conduction band and a hole in the valence band. With opposite charge, the

electron and hole attract each other via the coulomb interaction, and form a

quasi particle, known as an exciton. Excitons were predicted in 1931 by Yakov

Frenkel [Frenkel 1931] and observed for the first time in 1950 by Hayashi and Kat-

suki in the absorption spectra of CuO2 [Hayashi 1950].

Excitons are well described by the hydrogen atom-like model. A hydrogen atom

is composed of a proton with positive charge and an electron with negative charge,

which are used as an analogy for the hole and the electron in the exciton. The

energy levels in hydrogen atom are described by,

En = −−me
4

2~2n2
= −Ry

n2
, (1.3)
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where Ry = me4/2~2 = 13.6 eV is the Rydberg constant. Here, n is the principle

quantum number. Ry indicates the ionization energy of the ground state (n = 1) of

the hydrogen atom, which is also called the binding energy. The principle quantum

number is related to the radial quantum number k and azimuthal quantum number

l by,

n = k + l + 1, (1.4)

For each principle quantum number n, the allowed values of l are l = 0, 1, ..., n −
2, n−1,. The states with l = 0, 1, 2, 3, 4, ... are commonly referred as s, p, d, f, g, h, ...

states. For instance, 1s denotes the state (n = 1, l = 0); 2s and 2p denote the l = 0

and l = 1 states at n = 2; 3s, 3p and 3d denote the l = 0, 1, 2 states at n = 3, and

so on.

Figure 1.17: (a) Schematic of the free exciton in a two-dimensional crystal lattice

with lattice constant a. (b) The energy states of a free exciton showing its bound

states and the continuum states. Eg is the bandgap and Ry∗ the effective binding

energy. After [Pelant 2012].

One of the differences between a hydrogen atom and an exciton is the dielec-

tric screening. For the hydrogen atom, the relative dielectric constant is εr = 1.

However, for the excitons in a semiconductor, the Coulomb interaction between

the electron and hole pair is screened by the presence of the mobile charges in the

crystal, thus the relative dielectric constant εr is larger than 1. Another differences

is the reduced mass. The mass of the proton in hydrogen atoms is much higher

than the mass of electron. In this case, the reduced mass of hydrogen atom is

similar to the mass of a free electron. However, as the hole and electron effective

masses are both smaller than the free carrier mass, the reduced mass of exciton

µ = (1/m∗e + 1/m∗h)−1 is much smaller than the mass of an electron. These two

differences result in a lower binding energy and larger Bohr radius for the exciton in

comparison to the hydrogen atom. In this case, R∗y = µe4/2~2ε2r is the energy dif-

ference of exciton between ground states (n = 1) and the continuum states (n =∞,

free carriers), which is the effective binding energy of the exciton. Thus, the energy
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levels in an exciton are given by,

EXn = −
R∗y
n2
, (1.5)

In perovskites, the excitons are Wannier-Mott excitons with the electron and

hole separated over many unit cells, which can move freely through the crystal.

In Fig. 1.17(a), we show a schematic view of the free exciton in a two-dimensional

crystal lattice. The distance between the electron and hole is several times larger

than the crystal lattice constant, and is given by

r = n2a∗, (1.6)

where a∗ = ~2εr/µe
2 is the effective Bohr radius, which denotes the distance between

electron and hole in the ground state (n = 1). In Fig. 1.17(b), we show schematically

the energy states of the exciton.

In addition to the Wannier-Mott exciton, there is another kind of excitons called

Frenkel excitons. For a Frenkel exciton, the Bohr radius is approximately restricted

to a single unit cell. These excitons mainly occur in molecular crystals and are

localized at a specific atom or molecule [Pelant 2012].

1.6.2 Free carriers in a magnetic field

Let us consider a free carrier moving in an external magnetic field. Due to the

magnetic field, a free carrier experiences a Lorentz force. The Peierl’s substitution

p̂ −→ p̂ − qÂ can be used to express the Lorentz force acting on the carrier. The

Hamiltonian of the free carrier moving in a magnetic field can then be written as:

Ĥ =
1

2m
(p̂− qÂ)2, (1.7)

where q and m are the charge and mass of the free carrier, p̂ = −i~∇ is the momen-

tum operator, while Â is the magnetic vector potential related to the magnetic field
~B = ∇× Â. Assuming the magnetic field is applied along the z-axis, ~B = (0, 0, B),

we choose the Landau gauge:

Â =

 0

Bx

0

 , (1.8)

Then, the resulting Hamiltonian is expressed as:

Ĥ =
p̂2
x

2m
+

1

2m
(p̂y − qBx)2 +

p̂2
z

2m
, (1.9)

Considering that Ĥ is independent of the y and z coordinates component of the

position operator, it commutes with the p̂y and p̂z operators. In other words, p̂y
and p̂z can be replaced by their eigenvalues, resulting in:

Ĥ =
p̂2
x

2m
+

(~ky − qBx)2

2m
+

~2k2
z

2m
, (1.10)
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Subsequently, the Hamiltonian can be written in the form describing a harmonic

oscillator along the x-axis and a free motion along the z-axis:

Ĥ =
p̂2
x

2m
+
mωc

2
(x̂− ~ky

mωc
)2 +

~2k2
z

2m
, (1.11)

Here, the cyclotron frequency of the free carrier, ωc = qB/m, is introduced to

simplify the expression. By solving the eigenvalue problem, we obtain:

EN = ~ωc
(
N +

1

2

)
+

~2k2
z

2m
, (1.12)

where N = 0, 1, 2, 3... is the orbital quantum number. ~ωc(N + 1
2) presents the

discrete energy levels in two dimensional plane (x−y plane), while ~2k2
z/2m results

from the kinetic energy dispersion along z-axis. The combination of these two leads

to a density of states with van Hove singularities (the density of states diverges) at

energies:

EN = ~ωc
(
N +

1

2

)
, (1.13)

where the states EN are called Landau levels.

The movement of the carrier in semiconductors, in the presence of the magnetic

field, can be described by the same formula as Eq. 1.13. The Landau levels for the

holes in the valence band and the electrons in the conduction band in a semicon-

ductor can be calculated based on Eq. 1.13, replacing m by the effective mass of

the hole m∗h and electron m∗e, respectively.

Figure 1.18: (a) Schematic figure of the Landau levels in the conduction and valence

band. (b) Energy of Landau levels interband transitions as a function of magnetic

filed.
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A schematic view of the Landau levels for N 6 4 in the conduction and valence

bands is represented in Fig. 1.18(a). In this work, we measure the interband transi-

tions of the electron from the Landau levels in the valence band to the conduction

band, as marked by the orange arrows in Fig. 1.18(a). For perovskite material, the

optical selection rule for dipole allowed transitions is ∆N = 0 [Even 2012]. Using

equation 1.13, the calculated energy of the interband transition is given by,

∆EN = Eg + EeN + EhN = Eg + ~(
qB

m∗e
+
qB

m∗h
)(N +

1

2
) = Eg + ~ωrc (N +

1

2
) (1.14)

where ωrc = qB/µ with 1/µ = 1/m∗h + 1/m∗e, here µ is nothing other than the usual

reduced exciton mass. Fig. 1.18(b) shows the energy of the Landau level interband

transition as a function magnetic field.

1.6.3 Free excitons in a magnetic field

Figure 1.19: The calculated transition energies of hydrogen-like excitonic states as

a function of magnetic field for R∗ = 16 meV and m∗ = 0.1 m0. Inset: a close-up

view of excitonic transition at low magnetic field.

Compared to the Hamiltonian of the free carriers in a magnetic field, the Hamil-

tonian of the free excitons in magnetic field has an additional term corresponding

to the Coulomb potential:

Ĥ =
1

2µ
(p̂2 − eÂ)2 − e2

εrr̂
, (1.15)

where r̂ is the distance between the electron and hole. Here, by choosing the

cylindrical polar coordinates (ρ, φ, z) and the cylindrical gauge Â = 1
2( ~B × ~r), the
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magnetic field is along the z direction and ~r = (ρ2 + z2)1/2. Then the Hamiltonian

can be written as:

Ĥ = −∇2 − 2

r
− iγ ∂

∂φ
+

1

4
γ2ρ2, (1.16)

where γ = ~ωc/2R∗y is a dimensionless parameter, indicating the ratio between

cyclotron frequency ωc and the effective binding energy R∗y. In 1986, Makado and

McGill calculated the energy eigenvalues En(γ) using a numerical solution for values

of γ in the range 0 to 10 and n up to 4 [Makado 1986]. En(γ) are the energies of

the excitonic states, given as the energy shifts with respect to the band gap energy

Eg, in the effective Rydberg units.

In Fig. 1.19, we present the calculated excitonic transition energies En(B) as a

function of magnetic field using the solutions of Makado and McGill. The 1s, 2s, 2p,

3d and 4f excitonic state energies are calculated usingR∗ = 16 meV andm∗ = 0.1 m0

with the band gap Eg = 0 meV. The inset of Fig. 1.19 shows an expanded view of

the excitonic transition energies at low magnetic field. It is worth to mention that,

at zero magnetic field, the energy between the 1s transition and the 2s transition is

three quarters of the binding energy. This follows from Eq. 1.5,

EX2s − EX1s = −
R∗y
4

+R∗y =
3

4
R∗y, (1.17)
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This chapter presents the experimental techniques used in this thesis. A brief

introduction of the pulsed magnetic field generation in LNCMI-T is followed by a

detailed description of the magneto transmission and reflectivity techniques.

2.1 Magnetic field generation

Currently, the high magnetic field generation techniques for research can be divided

into two categories, steady state (typical duration of several hours) and pulsed mag-

netic field techniques (typical duration of 61 s). Steady state magnetic field can be

generated by immersing a superconducting coil in liquid helium, which maintains

the temperature of the superconducting coil blow the critical temperature Tc. In

commercially available systems, the value of the magnetic field in the supercon-

ducting coil is limited to 22 T by the critical current of the superconducting wire.

Further increase of the magnetic field can be achieved using resistive coils. In

this case, magnetic fields of ' 38 T can be reached today, limited by the thermal

(cooling) and mechanical constraints. A hybrid magnet, a combination of an outer

superconducting and an inner resistive coil, generates a magnetic field beyond the

limitation of a purely resistive coil, up to 45 T [Miller 1994].

To reach magnetic fields above 45 T, we have to turn to pulsed magnetic field

techniques. The principle of the pulse magnetic field is relatively simple. A capacitor

bank is charged to a certain voltage and then discharged into the resistive coil.

The electrical energy is transfered from the capacitors to the coils, which creates
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a current pulse in the resistive coil. The maximum magnetic field of the pulse

proportional to the voltage to which the capacitor bank was charged.

The Laboratoire National des Champs Magnétiques Intenses-Toulouse (LNCMI-

T) is one of the world leading laboratories, which provides up to 90 T non-destructive

long pulse (6 1 s) and up to 150 T semi-destructive, ultrashort (6 10µs), pulsed

magnetic field. LNCMI-T serves as a user facility providing open access to re-

searchers from all over the world. During this thesis, all the spectroscopy measure-

ments in high magnetic field have been performed at LNCMI-T.

2.1.1 Generator

The energy required to energize the resistive coils is stored in three different ca-

pacitor banks (14 MJ, 6 MJ, 1.15 MJ). All capacitor banks can be charged up to

24 kV. Fig. 2.1(a) shows a panoramic view of the 14 MJ capacitor bank. It consists

of 14 capacitor units. Each unit stores energy up to 1 MJ, with total capacitance of

48 mF. The 6 MJ capacitor bank consists of two 3 MJ units, with total capacitance

of 21 mF. In addition, there is a 1.15 MJ mobile capacitor bank with a capacitance

of 4 mF. These three capacitor banks can be combined with different resistive coils,

resulting in a different duration and value of the magnetic field pulse.

2.1.2 Resistive coils

Figure 2.1: (a) Panoramic view of 14 MJ capacitor bank; (b) copper wires for the

coil; (c) photo of a complete 70 T coil; (d) a standard coil mounted in a liquid

nitrogen cryostat.

The resistive coils are designed, and manufactured in house in the LNCMI-T
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technical workshop. In order to sustain the high magnetic field pressure originating

from the Lorentz force and to minimize coil heating, the material of the coil has to

fulfill three important condition, (i) high intrinsic strength, (ii) high ductility and

(iii) high electrical conductivity. However, high strength conductors usually have

a low ductility and a reduced electrical conductivity. To overcome this problem,

special reinforcement of the copper stainless steel-(CuSS) wires with Zylon is used.

The CuSS wires are used to wind the coil with approximately 1000 turns, as shown

in Fig. 2.1(b). Afterwards, additional protection and contacts are made on the

winding wires to form a complete resistive coil. A complete 70 T coil is shown in

Fig. 2.1(c).

To avoid overheating during the pulse of the magnetic field, the resistive coils are

immersed in liquid nitrogen in a specially designed nitrogen cryostat as presented

in Fig. 2.1(d). Cooling the coil also reduces the resistance of the metallic copper

wires. During each pulse of the magnetic field, the temperature of the resistive coil

increases due to the Joule effect. Immersing the resistive coils in liquid nitrogen

prevents destructive explosion of the coil due to overheating. The time required to

cool the coils between magnetic field pulses varies from several minutes to several

hours depending on the strength of magnetic field and the length of the pulse.

LNCMI-T has developed a fast cooling channel method, which reduces the cooling

time by a factor of ' 3 [Frings 2008].

Different combination of the resistive coil with the different generators result

in a duration of the magnetic field pulses varying from a few tens to several hun-

Figure 2.2: Representative magnetic field pulses as a function of time for different

coils systems. Diameter of the magnet bore and the energy required for each systems

are marked next to each curve.
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dreds of milliseconds, accompanied with the maximum magnetic field from 60 T to

90 T. Fig. 2.2 shows the magnetic field as a function of time obtained by different

combination of the resistive coil and the generator. The inner bore diameter of the

resistive coil and the energies required for each magnetic field pulse are marked next

to each curve. For example, the inner bore diameter of the 70 T magnet is 13 mm

(See orange solid line in Fig. 2.2). The typical duration of a 70 T pulse is 150 ms

if the 6 MJ capacitor bank is used for charging the coil. Magnets with a maxi-

mum magnetic field below 80 T are single coil systems, while the 90 T magnet is a

dual-coil system. The outer magnet, energized by 1.15 MJ mobile capacitor bank,

generates a 34 T long background pulse, while the inner magnet combined with

14 MJ capacitor bank generates a short 62 T pulse [Béard 2013]. Synchronizing the

maximum field of the two pulses creates a magnetic field of 90.2 T with a duration

of 9.2 ms (see the blue solid line in Fig. 2.2). In this thesis, all the magneto-optical

measurement have been performed using a standard 70 T magnet with fast cooling

channels.

2.1.3 Cryogenics

For the pulsed magnetic field measurement, the liquid helium cryostat is placed in

the magnet bore, as schematically shown in Fig. 2.3(a). Due to the high magnetic

field environment and the limited space in the magnet bore, special helium cryostats

are required. As presented in Fig. 2.3(a), the liquid helium cryostat consists of top

and bottom baths connected by a capillary and a needle valve. The top bath is used

Figure 2.3: (a) A schematic view and (b) a photo of a pulsed magnetic field exper-

iment setup.
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to store liquid helium transfered from a helium dewar. The bottom bath has a long

extension (tail) which is inserted directly into the magnet bore. The sample holder

is placed inside the tail. A resistive heater made from manganin wires is placed

around the tail. It allows to control the temperature from 4.2 K (liquid helium) to

300 K by adjusting the input power of the heater [LNCMP-team 2004].

Table 2.1: The inner diameters of the magnet bore and the extension suitable for

three different magnet.

Magnet Magnet bore (mm) Extension (mm)

100 T 8 4

70 T 13 7

60 T 28 21

According to the diameter of the magnet bore, three type of helium cryostats are

used. The main difference between them is the inner diameter of the tail. Table 2.1

shows the diameter of the magnet bore and the corresponding inner diameter of the

tail for three different magnets. Photo of a typical experimental setup is presented

in Fig. 2.3(b)

2.2 Magneto transmission measurements

Figure 2.4: Schematic drawing of the transmission measurement in pulse magnetic

field.
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Figure 2.5: (a) Photo of the magneto-transmission probe. (b) Zoom of the sample

holder. (c) Schematic of the optical path.

One of the experimental techniques used in this thesis is magneto-transmission,

which is suitable to investigate thin samples on a transparent substrate. We have

measured the spectra of the transmitted light through the sample, which is placed in

the center of the field. The general idea of the magneto transmission measurements

is presented in Fig. 2.4.

Due to the limited space in the helium cryostat, a special transmission probe

has been designed. The photo of the transmission probe used in our experiment is

shown in Fig. 2.5(a). The material of the probe inserted into the magnet has to be

insulating to avoid eddy current heating and magnetic forces during the pulse of the

magnetic field. The top part of the probe consists a hexagonal head and a 19 mm

rod made of the stainless steel. The bottom part of the probe consist a 7 mm rod

and a sample holder. The rod is made of low thermal expansion coefficient epoxy

fiberglass, while the sample holder is made of ceramic. The entry of the probe to

the helium cryostat is sealed by a movable o-ring on the stainless steel rod, which

allows the probe to be moved vertically in the cryostat to adjust the position of the

sample to be exactly in the center of the magnetic field.

A schematic representation of the optical path in the probe is shown in

Fig. 2.5(c). Two multi-mode fibers are used to guide light, one is 200µm diameter

fiber used to guide the incident light beam from a broad-band tungsten-halogen

lamp. At the end of the fiber, lens (1) is used to collimate the beam. Two gold

plated mirrors are used to reflect the beam to the sample space. Then, the beam,

transmitted through the sample, is focused by the lens (2) on the second fiber with

400µm diameter, which guides the signal to the spectrometer.

This probe is equipped with a thermometer and pick-up coil, as shown in

Fig. 2.5(b). To precisely measure the temperature of the sample, we use a Cer-

nox thermometer. Three pairs of 100µm diameter coper wires are used to connect
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the thermometer and the pick-up coil to the socket of the probe head. We use

twisted wire pairs to reduce the voltage induced by the pulsed magnetic field.

2.2.1 Pick-up coil

In order to measure precisely the value of the magnetic field on the sample during

the magnetic field pulse, a small coil is wound around the sample holder, referred

to as a pick-up coil (see Fig. 2.5(b)). It is made of 50-100 turns of 100µm diameter

insulated copper wire. The pulse of the magnetic field induces a voltage (V) in the

pick-up coil,

V = −dφ
dt

= −N × SdB
dt
, (2.1)

where φ is the magnetic flux, N is the number of turns and S is the surface of one

spire. N × S is the effective area of the whole pick-up coil, which is determined

as follow. The pick-up coil is placed in the center of 1 m long calibration coil with

known B (I) dependence. The oscillator output of a lock-in amplifier is used to

generate a sinusoidal magnetic field in the calibration coil. The pick-up coil voltage

is recorded by the lock-in amplifier at the same time. If the magnetic field is known,

then the area of the pick-up coil can be calculated using equation 2.1.

2.2.2 Resistance thermometer

A Cernox thin film resistor is used as a thermometer on the probe. Cernox resis-

tors are convenient due to their small package size, which makes them easily fit to

the limited space in the probe (see Fig. 2.5(b)). In order to obtain a precise resis-

tance value, we use four-terminal sensing to measure the resistance. The schematic

diagram of four-terminal sensing is shown in the inset of Fig. 2.6. Separated mea-

surements of the current and voltage eliminates the contact and lead resistance,

leading to a precise measurement of the resistance values.

The resistance/temperature relationship varies between different Cernox. Thus,

the resistance/temperature relation of the Cernox has to be calibrated for each ther-

mometer. It is typically done in a following way. The Cexnox to be calibrated is

placed on a calibration probe next to a calibrated Cernox. The calibration probe is

immersed in a helium cryostat. As the liquid helium slowly evaporates and the cryo-

stat warms up, the temperature increases from 4.2 K to 293 K. The resistance of both

Cernox are recorded by a Lakeshore temperature controller. Typically, these data

are record every 5 or 10 seconds. An example of calibrated resistance/temperature

relationship is represented in Fig. 2.6. The calibrated curve obtained is uploaded

to the Lakeshore temperature controller connected to our probe. The data has to

be interpolated due to the limited data points that can be stored by the controller

(typically 200 data points).
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Figure 2.6: Typical calibrated resistance/temperature relationship of resistance

thermometer on the transmission probe. Inset: schematic diagram of four-terminal

sensing.

Figure 2.7: Schematic drawing of the reflectivity measurement in pulse magnetic

field.
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2.3 Magneto reflectivity measurements

For thick samples, we have used a magneto-reflectivity technique. The schematic

illustration of the reflectivity set-up is presented in Fig. 2.7. In this case, the incident

white light is directly reflected by the sample, and the reflected light is guided to

the spectrometer.

Figure 2.8: (a) Photo of the magneto-reflectivity probe. (b) Zoom on the bottom

of the probe, where the pick-up coil and thermometer can be seen clearly. Inset:

section of fiber bundle at the bottom of the probe. (c) Sample holder with the

sample inside. Inset shows disassembled sample holder.

We have designed and built a probe adapted for such an experiment. Fig. 2.8(a)

shows the photo of the reflectivity probe. As before, the probe is mainly made of

stainless steel and fiber glass. We use a fiber bundle composed by 7 fibers with

100µm diameter. The cross-section of the fiber bundle is shown in the inset of

Fig. 2.8(b). The fiber in the center is used to guide the excitation light to the

sample, then the reflected signal is gathered by the 6 collection fibers surrounding

the central fiber. Fig. 2.8(b) shows the bottom of the probe, where the positions

of pick-up coil and thermometer are indicated. The thermometer is located in

a slightly higher position than pick-up coil and is covered by the teflon tape for

protection.

The sample holder consists of a 2.5 mm diameter ferrule and a sleeve made of

ceramic (see the inset of Fig. 2.8(c)). The size of the sample should be less than

2.5 mm, and the sample is placed on the top of the ferrule, then the ferrule and the

probe head are then connected by the sleeve. The assembled probe and the sample

holder are shown in Fig. 2.8(c). It is worth to mention that the diameter of the

white fiber glass rod is only 4 mm, which allows the probe to be used in both the
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100 T helium cryostat (4 mm diameter) and 70 T helium cryostat (7 mm diameter).

2.4 Synchronization

Figure 2.9: Schematic diagram of synchronization sequence for magneto-optical

measurements
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Since the 70 T magnetic field pulse only lasts 150 ms and the typical time to

acquire a spectrum using the CCD camera is 1-2 ms, it is crucial to synchronize

the magnetic field pulse with the CCD acquisition. A system was designed for

this temporal synchronization with a precision of 0.1 ms. The schematic diagram is

shown in Fig. 2.9. A typical sequence of the events is listed as follow:

Figure 2.10: Magnetic field (black solid line), pick-up voltage (violate solid line)

and CCD acquisition as a function of time during 68 T pulse. The synchronization

of CCD acquisition and maximum magnetic field are shown in the inset.

(1) First, the repeater sends an optical continuous pulse signal as a pre-trigger

to the delay generator (marked as trigger box) via a multi-mode fiber.

(2) Trigger box converts the optical continual signal to electrical signal pulse

signal with 500 ms duration. Voltage of this electrical signal is TTL (5 V).

(3) The input signal for triggering the CCD cameras accepts only 3 V TTL

signal, therefore, a voltage converter between the trigger box and the spectrometer

is used.

(4) After the spectrometer is triggered, it sends a sequence of multiple acquisi-

tions to the delay box and a digital oscilloscope (Hioki). Between the spectrometer

and Hioki, there is a LED and a photo diode. The LED, outside of the experimental

room, converts the electrical signal to optical signal. The photo diode, inside of the

experimental room, converts the optical signal to electrical signal. The principle

here is that all the connection from outside to inside of the experimental room has
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to avoid using metallic cable, optical fibers are responsible for all the connections.

(5) Delay box is used to adjust the delay to have a maximum of the magnetic

field in the middle of one of the CCD acquisition frames (see inset of Fig. 2.10). The

delay box converts the electrical multiple acquisition signal to 500 ms single optical

signal and sends it to the generator. Next, the generator discharges into the coil

giving a high magnetic field pulse.

(6) The voltage of the pick-up coil on the probe, during the pulse of the magnetic

field, is recorded by a Hioki. The magnetic field as a function of time is calculated

by integrating the voltage. Typical results are shown in Fig. 2.10, where we show the

voltage of pick-up coil (purple line) and the sequence of CCD acquisition (green line)

as a function of time during a 68 T pulse. Based on equation 2.1 which shows that

voltage of the pick-up is just the derivative of the magnetic field, the magnetic field

is calculated by integrating the voltage of pick-up. The magnetic field as a function

of time is shown in Fig. 2.10 as black solid line. Each rectangle of the green line

represents a CCD acquisition with a typical duration of 2 ms, which ensures that

the spectra are acquired at an essentially constant magnetic field. In the case of

Fig. 2.10, the delay time is 24 ms, which ensures the 7th acquisition corresponds to

the maximum field (see the inset of Fig. 2.10).
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In this chapter, we describe magneto-transmission measurements, which lead to

the precise determination of the exciton binding energy and reduced mass in thin

film perovskite materials. By investigating thin films with a wide range of crystal

grain sizes, varying from tens of nanometers to microns, we elucidate the impact

of the microstructure on the Coulomb interaction between photo created electrons

and holes in MAPbI3 and Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 materials. The

results presented in this chapter have been published in Energy Environ. Sci., 10,

1358-1366 (2017).

3.1 Introduction

Due to the different fabrication methods, thin film perovskites exhibit a variety of

morphologies, resulting in crystal grain sizes which vary from tens of nanometers

to tens of microns [Huang 2014, D’Innocenzo 2014b]. In this chapter, we inves-

tigate the correlation between the morphology of the thin film perovskites and

the excitonic properties. To do so, we perform magneto-transmission measure-

ments to extract the binding energy and reduce mass of excitons in MAPbI3 and

Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 thin films, with a wide range of the crystal

grain sizes.
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3.2 Magneto-transmission spectroscopy on MAPbI3

First, we will discuss the results for MAPbI3. We have performed low temperature

magneto-transmission spectroscopy to investigate MAPbI3 thin films with different

morphologies, using long magnetic field pulse techniques as described in detail in

chapter 2. The investigated materials are MAPbI3 thin film perovskites with a wide

range of grain sizes from tens of nanometers to hundreds of nanometers.

3.2.1 Description of the samples

Figure 3.1: Top view SEM images of MAPBI3 thin film deposited on glass sub-

strates with various morphologies. (A) Polycrystalline thin film with an average

crystal grain size 770±230 nm (LPC). (B) Polycrystalline thin film with grain size

210±60 nm (SPC). (C) Small crystals of MAPBI3 fabricated with the two-step

solution-processed dipping technique, resulting crystal size 290±70 nm (SC). (D)

MAPbI3 infiltrated into a thick mesoporous-Al2O3, resulting crystal grain size <

50 nm (MP). Scale bars are 1µm for each panel.

We have measured four different MAPbI3 thin films. They have been fabricated

via different methods, resulting in the morphologies with a wide range of different

degrees of structural disorder and poly-crystallinity.

Fig. 3.1 represents the top-view scanning electron microscope (SEM) images

of the samples. The morphologies vary from a planar polycrystalline film with

grain sizes of 770±230 nm (A: Large grain polycrystalline annotated LPC) and

polycrystalline film with grain sizes of 210±60 nm (B: Small grain polycrystalline

annotated SPC), to small crystals of 290±70 nm fabricated by a two-step dipping



3.2. Magneto-transmission spectroscopy on MAPbI3 43

technique. (C: Small crystal annotated SC) and also perovskite infiltrated into a

2µm thick mesoporous Aluminum oxide scaffold (mp-Al2O3) with grain sizes of

<50 nm (D: Mesoporous crystal annotated MP).

The SPC, SC, MP samples have been fabricated by Arman Mahboubi Soufiani

at the Australian Centre for Advanced Photovoltaics, University of New South

Wales. Arman Mahboubi Soufiani also performed the SEM measurement on the

SPC, SC, MP samples. The LPC sample has been fabricated by Roberto Brenes

in the Research Laboratory of Electronics, Massachusetts Institute of Technology.

Roberto Brenes also performed the SEM measurement on the LPC sample.

3.2.2 Magneto-transmission spectra on LPC sample

Figure 3.2: Typical magneto-transmission spectra of a LPC sample. (a) Sequences

of typical transmission spectra of the LPC sample measured at the indicated mag-

netic fields. (b) A sequences of the ratios of the transmission spectra measured at

intermediate magnetic field, which clearly shows the 2s state. (c) A sequences of the

ratios of the transmission spectra in the higher energy range, which clearly shows

the Landau level interband transitions.

The experimental approach and data analysis used for all the samples will be ex-

plained in detail using as an example results for the LPC sample. Typical magneto-

transmission spectra of the LPC sample measured at the indicated values of mag-

netic field at low temperature (2 K) are presented in Fig. 3.2(a). For each spectrum,

we observe a minimum, which corresponds to the 1s excitonic transition. The 1s

states blue shifts with increasing magnetic field. For an unambiguous identification

of the weaker optical transition, we show in Fig. 3.2(b), (c) the ratio of the transmis-

sion spectra at high magnetic field divided by the transmission spectrum obtained

at zero magnetic field field. In Fig. 3.2(b), we present the ratio spectra measured

at intermediate field (19-30 T), which shows clearly the 2s excitonic transitions. A

sequence of the transitions marked with arrows start to be visible from 30 T in a

higher energy range, as presented in Fig. 3.2(c). These transitions become more pro-

nounced with increasing magnetic field. Their energies have a larger field-induced
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blue shift than the low-energy transitions, which suggests that they are mainly free

carrier transitions between Landau levels in the valence and conduction bands.

Figure 3.3: Typical results of the low temperature monochromatic transmission as

a function of magnetic field obtained through the Mega Gauss technique performed

by Dr. Atsuhiko Miyata.

To follow the free carrier transitions over an extended magnetic field range

(70 T-150 T), we collaborated with Dr. Atsuhiko Miyata to perform Mega Gauss

measurement at LNCMI-T. In this technique, the transmission of monochromatic

(laser) light through the sample is measured as a function of the magnetic field. In

Fig. 3.3, we show the typical results for the LPC sample. All the spectra show clear

minima as a function of magnetic field, which correspond to the resonant transition

between the free carrier Landau levels. The energy of the excitation laser is marked

below each curve.

3.2.3 Data analysis

For the long pulse measurement, we analyzed each transmission spectrum to find

the energy of the absorption at the indicated magnetic field. To do so, we take the

energy at the center of each absorption minimum. After finding absorption energies

for all the spectra, we plot them as a function of the magnetic field, as shown as

colored spheres in Fig. 3.4(a).

For the Mega Gauss measurement, we analyzed each transmission spectrum to

find the magnetic field for resonant absorption at the energy of excitation. To do

so, we take the magnetic field at the center of each absorption minimum. We plot

the excitation energies as a function of the magnetic fields, as shown as black stars

in Fig. 3.4(a).

Assuming that free carriers transitions dominate in the high magnetic field

range, we first fit the interband transitions between Landau level in the conduc-

tion and valence bands using Eq. 1.14. The reduced mass µ is the only fitting

parameter for all the Landau levels. Modeling the high energy range and the high
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Figure 3.4: (a) Typical results of absorption energies as a function of magnetic field.

The blue, red and violet spheres comes from the long pulse magnetic field measure-

ment, while the black stars comes from Mega Gauss measurement measured by Dr.

Atsuhiko Miyata in LNCMI-T. (b) Fitting of free carriers interband transition be-

tween Landau levels conduction band and valance band (blue solid lines). (c) The

plot from panel (b) supplemented with the fitting curve of hydrogen like model for

1s, 2s and 2p (blue, red and black dashed lines).

magnetic field range of the data allows a precise determination of the reduced mass.

The results of a typical fit of free carriers transition up to N = 4 for the LPC sample

are shown in Fig. 3.4(b). For this sample, the reduced mass µ is estimated to be

0.102± 0.002m0.

Then, as the second step, we use Makado and McGill’s numerical solutions for

the hydrogen-like Hamiltonian to fit the data. The fitting parameters of this solution

are the exciton reduced mass µ and the exciton binding energy R∗. We use the same

reduced mass µ extracted from the interband Landau level transitions. The fitting

results are shown as dashed lines in Fig. 3.4(c). In this sample, we observed three

excitonic transitions - 1s, 2s and 2p. The observation of both 1s and 2s states gives

a strong constraint on the value of exciton binding energy. The binding energy of

exciton in LPC sample is estimated to be 16± 1 meV.

3.2.4 Magneto-transmission spectra on SPC, SC and MP samples

Next, we performed the same measurement and analysis on other MAPbI3 samples

(SPC, SC, MP) with different grain size. The typical magneto-transmission spectra

of three different samples measured at 2 K are shown in Fig. 3.5. Panel (a)-(c) shows

the transmission spectra measured at indicated magnetic field for SPC, SC and MP

samples, respectively. As before, for each sample, 1s excitonic transitions dominate

the spectra. Unfortunately, no 2s excitonic transition are visible for any of these

samples. Panel (d)-(f) shows the ratios of the transmission spectra in magnetic field
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Figure 3.5: Panel (a)-(c) Low temperature transmission spectra measured at indi-

cated magnetic fields for SPC, SC and MP samples, respectively. Panel (d)-(f) The

ratios of the low temperature transmission spectra in magnetic field T (B) to that

measured at zero field T (0) for for SPC, SC and MP samples, respectively.

T (B) to that measured at zero magnetic field T (0) for SPC, SC and MP samples,

respectively. With the increase of the crystal size, the line-width of the 1s transition

become smaller and more Landau levels are observed.
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3.2.5 Results and discussion

Figure 3.6: Overlaid fan chart of the LPC, SPC, SC and MP samples. The solid and

dashed lines are the fits to the set of Landau levels and the excitonic transitions,

respectively. The bottom panel shows the zoomed-in plot of the excitonic transition

region of the fan chart.

In the absence of a clear observation of the 2s excitonic transition for the SPC,

SC and MP samples, a global fit to the excitonic and free-carrier transitions is

employed. To visualize the negligible change in the optical response under high

magnetic fields of the MAPbI3 with different morphology, the overlaid fan diagrams

of the complete set of excitonic and free carrier optical transitions, after shifting by

the corresponding bandgap offsets, are presented in Fig. 3.6. The fitting parameters

for the global fit are R∗y = 16±1meV and µ = 0.106±0.003m0. Here we clearly show

that these MAPbI3 samples, although composed of dramatically different grain sizes

and morphologies, exhibit very similar magneto-optical behavior.

In addition to the global fit shown in Fig. 3.6, we also fitted the data for the four

morphologies of MAPbI3 separately, as shown in Fig. 3.7. The spheres present the

data points from long pulse measurement. The stars present the data points from

Mega Gauss measurement performed by A. Miyata. The solid and dashed lines are

the fits to the set of Landau levels and the excitonic transitions, respectively. The

fitting parameter for the four samples are summarized in Table 3.1. In Fig. 3.8, we

show a graphical representation of the summary in Table 3.1. The reduced mass and

binding energy are presented with red circles and blue squares, respectively. The

SEM image for each sample are inserted at the bottom of the figure. The reduced
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Figure 3.7: (a)-(d) Separate energy fan charts of the MP, SC, SPC and MP samples,

respectively. The spheres present the data points from long pulse measurement.

The stars present the data points from Mega Gauss measurement performed by A.

Miyata. The solid and dashed lines are the fits to the set of Landau levels and the

excitonic transitions, respectively.

Table 3.1: Summary of the fitting parameters for the four morphologies of MAPbI3

in the low temperature (2 K).

Crystal size (nm) Eg (meV) µ (m0) Ry∗ (meV)

LPC 770 ± 230 1642 ± 2 0.102 ± 0.002 16 ± 1

SPC 290 ± 70 1643 ± 2 0.105 ± 0.002 16 ± 4

SC 210 ± 60 1639 ± 2 0.109 ± 0.002 16 ± 4

MP <50 1638 ± 2 0.107 ± 0.003 16 ± 4

mass varies from 0.102m0 to 0.109m0, while the binding energy remain the same

for all the samples within experimental error. The binding energy of the exciton in

the LPC sample is (16±1) meV. While in SC, SPC, MP samples, it is (16±4) meV.

The difference in the size of the error bar comes from the observation of 2s state

in LPC sample. The energy difference between the 1s and 2s state gives a strong
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Figure 3.8: Exciton binding energy R∗ and reduced mass µ for the various mor-

phologies.

constraint on the exciton binding energy, resulting in a more precise determination

of the exciton binding energy.

Recent reports have suggested that the permanent dipole moment of organic

cation in small and defects in the crystals generates an electrostatic potential gradi-

ent, which causes an enhanced dielectric screening. This results in a very small value

of the exciton binding energy of the order of 2-5 meV [Lin 2015, Grancini 2015]. On

the other hand, large and defect free crystals exhibit an order of magnitude higher

value of exciton binding energy [D’Innocenzo 2014a, Grancini 2015]. However, in

our results, the value of exciton binding energy from the MAPbI3 polycrystalline

thin films with different crystal grain sizes are all identical. In addition, our results

are in good agreement with the previous work of our group [Miyata 2015], which

shows that the exciton binding energy and reduced mass of thin film MAPbI3 are

(16±2) meV and 0.104m0, respectively. This indicates that, contrary to the reports

in the literature [D’Innocenzo 2014a, Grancini 2015], the exciton binding energy is

independent of the crystal grain size for the MAPbI3 perovskite material. In fact,

this is expected from the relative size of the exciton Bohr radius and the crystal

grains. The Bohr radius of the exciton is 5 nm for all the MAPbI3 morphologies in

the low temperature phase [Soufiani 2017], which is substantially less even than the

smallest crystal size (tens of nanometer) of thin film perovskite. This rules out any

possibility of quantum confinement effect, which has an influence on the exciton

binding energy.

3.3 Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 thin films

To generalize our finding for MAPbI3 to other perovskite compositions, we have per-

formed magneto-transmission measurement on a state-of-the-art triple-cation lead

mixed-halide perovskite, Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 [Saliba 2016b].
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Figure 3.9: Top-view SEM images of Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 thin

films with two morphologies deposited on glass substrates. (A) Polycrystalline

planar thin film. (B) Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 infiltrated into a thick

MP-Al2O3. Scale bars are 200 nm.

The samples were fabricated by Mojtaba Abdi Jalebi, at the Cavendish Laboratory,

University of Cambridge. For simplicity, only two considerably different morpholo-

gies have been investigated, namely (i) a planar polycrystalline thin film (Planar)

with the crystal grain size around 100-300 nm and (ii) a film with the perovskite in-

filtrated into a thick mp-Al3O2 scaffold (Mesoporous), with a resulting crystal grain

size < 50 nm. The top-view SEM images of two morphologies taken by Mojtaba

Abdi Jalebi are shown in Fig. 3.9.

3.3.1 Magneto-transmission spectra

Typical results of the magneto-transmission spectra measured at 2 K for

Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 samples are presented in Fig. 3.10. Panel

(a) and (d) show the as measured transmission spectra for planar and mesoporous

sample, respectively. Both spectra are dominated by a pronounced minimum, which

corresponds to the 1s excitonic transition. The transition blue shifts with the in-

creasing magnetic field. Panel (b) and (e) show the ratio transmission spectra for

planar sample at 15 T and mesoporous sample at 33 T. At this intermediate mag-

netic field, we observe the 2s excitonic transition for both samples, which is critical

for the accuracy of the fitting procedure. Panel (c) and (f) show the ratio trans-

mission spectra for the planar and mesoporous sample measured at the indicated

magnetic field. We observed the 2p excitonic transition and 3 Landau levels for the

planar sample, while only the 2p excitonic transition is observed for Mesoporous

sample in panel (f). This is probably due to the larger line width of the mesoporous

sample, indicating a lower crystal quality.

3.3.2 Data analysis

As for the analysis of the MAPbI3 samples, we take the transition energy at the

minimum of the absorption line and construct the energy fan chart. We show the
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Figure 3.10: Left panels: typical transmission spectra of the polycrystalline (a) and

perovskite-infiltrated mesoporous-Al2O3 (c) samples measured at indicated mag-

netic field at 2 K. Right panels: The ratio of the transmission spectra in the mag-

netic field T (B) to that measured at zero field T (0) for both morphologies sample.

Figure 3.11: Overlaid fan chart of the planar and mesoporous samples. The solid

lines and the dashed lines are the fits to the set of Landau levels and the excitonic

transitions, respectively.
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overlaid fan chart for both planar and mesoporous sample in Fig. 3.11. The green

and blue spheres are the transition energies for mesoporous and planar samples,

respectively. The solid and dashed lines are the fits to the set of Landau levels

and the excitonic transitions, respectively. R∗y = 13 ± 2 meV and µ = 0.096 ±
0.002m0 are employed as the fitting parameters. The excitonic transitions of the

two morphologies show very good overlap. These results allow us to extend our

conclusions to the wider alloyed perovskite family, giving strong proof that the micro

structure has a negligible impact on the excitonic properties at low temperature.

Table 3.2: Summary of the fitting parameters for the two different morphologies of

Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 in the low temperature (2 K), orthorhombic

phase.

Eg (meV) µ (m0) Ry∗ (meV)

Planar 1593 ± 2 0.096 ± 0.002 13 ± 2

Mesoporous 1594 ± 2 0.096 ± 0.008 13 ± 2

Figure 3.12: (a) Separate energy fan chart of the planar and mesoporous samples.

The solid lines and the dashed lines are the fits to the set of Landau levels and the

excitonic transitions, respectively.

We also fit the energy fan chart for both morphologies separately, as shown

in Fig. 3.12 . A summary of the fitting parameter for both morphologies is

shown in Table 3.2. The reduced mass µ = 0.096 ± 0.008m0 and binding energy

Ry∗ = 13 ± 2 meV are identical within experimental error for both morphologies.

These values are slightly less than the values for MAPbI3. It has been suggested

that the band structure of perovskite material can be described by a simple semi-

empirical two band k.p Hamiltonian approach [Even 2015]. Assuming the effec-

tive mass for valence and conduction band are the same which predicts that the
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binding energy and reduced mass scale linearly with the bandgap. Consider the

bandgap of Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 is less than MAPbI3, our find-

ing on Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 is in a good agreement with our

previous work [Galkowski 2016].

3.4 Conclusions

In this chapter, we have investigated the relationship between excitonic proper-

ties and microstructure of the MAPbI3 and Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3

perovskite using magneto-transmission spectroscopy. At low temperature, the exci-

tonic binding energy and reduced mass are the same for each sample with a variety

of crystal grain size. Thus, we conclude that microstructure truly play a negli-

gible role in the exciton properties of mixed organic-inorganic lead halide-based

perovskites, regardless of the thin film deposition technique and final morphology.

This confirms the hypothesis, that the wide range of exciton binding energies found

in the literature [D’Innocenzo 2014a] cannot be attributed to different morphologies

or grain sizes.
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This chapter presents the results of a magneto-reflectivity investigation of a

MAPbI3 single crystal. We have determined the binding energy of the exciton in

the low (orthorhombic) and high temperature (tetragonal) phases to be 16± 2 meV

and 12±4 meV, respectively. The binding energy of the exciton in the single crystal

at low temperature is identical to that of the polycrystalline thin film, confirming

the conclusion in Chapter 3 that the microstructure plays a negligible role in the

excitonic properties of perovskite materials. Moreover, at room temperature, the

binding energy of the exciton in MAPbI3 single crystal is lower than the thermal

energy, indicating a non-excitonic behavior. The results presented in this chapter

have been published in J. Phys. Chem. Lett. 8, 1851-1855 (2017)

4.1 Introduction

In this work, we have performed magneto-reflectivity studies on a millimeter size

MAPbI3 high quality single crystal. First, we describe the data and the analysis,

which was performed to obtain the energies of the absorption resonance from the

reflectivity spectra. We then deduce the exciton binding energy and reduced mass

from the reflectivity measurements in the high magnetic field for both the low

temperature orthorhombic, and the high temperature tetragonal phases.
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Figure 4.1: A photo of single crystal MAPbI3 sample. The scale bar is 2 millimeter.

4.1.1 MAPbI3 single crystal

A single crystal of MAPbI3 was grown by Dr. Amir-Abbas Haghighirad at the

Clarendon Laboratory of the University of Oxford. The growth was performed

from a small seed crystal in a supersaturated solution [Nayak 2016]. A photo of the

single crystal used in our measurement is shown in Fig. 4.1. The sample has a lateral

size of ≈4 mm with a ≈3 mm thickness. The single crystal character was confirmed

by X-ray diffraction measurement performed by Dr. Amir-Abbas Haghighirad at

the University of Oxford.

4.1.2 Data and analysis

We have performed magneto-reflectivity measurement on a MAPbI3 single crystal

using the reflectivity technique described in Section 2.3. In this configuration, the

reflected signal from the single crystal is mixed with photoluminance (PL) emission.

Since the reflectivity spectra have a dispersive shape, we first discuss the procedure,

used to extract the energies of the absorption resonances from the reflectivity spec-

tra.

A typical [0, 1] normalized reflectivity spectrum measured at 60 T and at 2 K

is presented as a black line in Fig. 4.2. The MAPbI3 single crystal exhibits strong

PL emission even when illuminated with a broad band white light source, thus, the

reflectivity spectrum is composed of both PL emission and the reflected light. To

distinguish the PL and absorption in the reflectivity spectrum, we have performed

PL measurement on the single crystal independently, with the same configuration as

the reflectivity measurement. To do so, we simply change the excitation source from

the broad band white light source to a laser emitting at 685 nm. The PL spectrum

of the MAPbI3 single crystal measured at the same magnetic field is presented as the

red line in Fig. 4.2. Both reflectivity and PL spectra show a dominant peak around

1646 meV (marked as PL1), which originates from bound exciton recombination.

In a lower energy range, two weaker peaks with energies around 1626 meV and

1612 meV are observed (marked as PL2, PL3), which probably originate from donor-

acceptor bound exciton, as proposed by Diab et al. and Phuong et al. [Diab 2016,
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Figure 4.2: Typical normalized reflectivity (black line) and PL (red line) spectra of

a single crystal measured in 60 T.

Phuong 2016]. In addition to these three peaks, a very weak peak (PL4) with a peak

energy around 1658 meV is observed on the high energy side of PL1. To better see

this feature, we show an expanded view of the PL spectrum in the inset of Fig. 4.2.

The peak energy of PL4 (1658±1 meV) corresponds very well to the absorption

energy of the 1s+ state (which will be discussed below). Thus, we deduce that PL4

originates from the high energy component of the Zeeman split exciton emission,

while the lower energy component is immersed within the PL1 peak.

First we discuss the difference between PL and reflectivity spectra. The re-

flectivity spectrum clearly shows two minima on the high energy side of the PL1

peak, which are absent in the PL spectrum. This suggests that they come from

the absorption resonance. In fact, these two minima correspond to the Zeeman

split 1s exciton absorptions, as marked in Fig. 4.2. It is worth to mention that this

is the first time we observe the Zeeman splitting of the 1s transition in MAPbI3

perovskite material without using polarization optics. This is due to the extremely

narrow linewidth of the 1s absorption in the single crystal (3.8 meV at 0 T, which

is shown in the inset of Fig. 4.4(a)). This should be compared to the much larger

value of 20-40 meV in MAPbI3 polycrystalline films [Miyata 2015].

In transmission spectra, the minimum of the absorption line corresponds to the

absorption energy, while the reflectivity spectra have a typical dispersive line shape,

so the energy of the absorption corresponds to the position of the maximum slope

(gradient) of the reflectivity dispersive curve [Cardona 2005]. To determine the

absorption energy from the reflectivity spectrum, Korona et al. [Korona 1996] have
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Figure 4.3: A negative differential reflectivity spectrum (−dr/dE) is shown as black

line. The orange dashed line shows the fit to the data.

proposed the following formula to fit the reflectivity data:

r(E) = r0 +
∑
j

Aj<

(
Ej − E + jΓj

Γ2
j + (E − Ej)2

eiθj

)
, (4.1)

where r0 is a constant indicating the total amplitude of the reflectivity signal (back-

ground), θj is a phase, Aj , Ej and Γj are the amplitude, energy and broadening

parameter for each of the resonances.

A commonly employed method to analyze the reflectivity spectra is to calculate

the derivative. This is mainly based on two reasons, (i) the reflectivity spectra have

a dispersive line shape, so that the absorption energy is located at the gradient

extreme of the reflectivity spectra. Calculating the derivative make the spectra

easier to analyze. (ii) Some weak features are hardly observed in the as measured

spectra. Calculating the derivative make the weak features more pronounced in the

spectra. Thus, instead of fitting the reflectivity spectrum directly, we first calculate

the negative derivative of the reflectivity spectrum, as shown with black line in

Fig. 4.3. There are two dominant peaks corresponding to the two absorptions in

Fig. 4.2. Then, we fit this spectrum with the negative derivative of Eq. 4.1, which

is given by,

− dr

dE
= r′0 +

∑
j

A′j

(
(Γ2
j − (E − Ej)2)cos(θj) + 2Γj(E − Ej)sin(θj)

(Γ2
j + (E − Ej)2)2

)
, (4.2)

where r′0 and A′j indicate the background and amplitude for the negative differen-

tial spectra. The fitting curve is shown as violet dashed line in Fig. 4.3. We limit
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the fitting to the range from 1646 meV to 1680 meV, which covers the two reso-

nances. The absorption energies determined from the fitting are 1650.0±0.5 meV

and 1658.1±0.5 meV, which are identical to the energy in the maximum of the peaks.

Thus, we conclude that, within experimental error, the peak position in negative

derivative of the reflectivity spectra (−dr/dE) gives the same energies of the reso-

nant absorption as those obtained from fitting formula 4.2 to the derivative of the

data. In the following data analysis, we simply take the energy of the maximum in

the negative derivative, rather than fitting the differential reflectivity spectrum.

4.2 Magneto-reflectivity measurement on single crystal

MAPbI3

In this section, we show the results of the magneto-reflectivity measurement on

MAPbI3 single crystal at both low temperature (2 K) and high temperature (168 K),

and the results of temperature dependence reflectivity measurements. The measure-

ments were performed at LNCMI-T using a long magnetic pulse technique. The

detailed experimental setup is introduced in the section 2.3.

4.2.1 Low temperature magneto-reflectivity

Figure 4.4: (a) Differential reflectivity spectra measured at indicated magnetic field

values at 2 K. The arrows mark the absorption peaks. Inset: As-measured reflectiv-

ity spectrum at zero magnetic field. (b) High magnetic field differential reflectivity

spectra after normalization by zero-field reflectivity. Arrows of the same colors

indicate the transition between the same Landau levels.

A full set of the differential magneto-reflectivity spectra measured at 2 K are

shown in Fig. 4.4(a) for the magnetic field up to 66 T. At low magnetic field, the

dominant peak at 1640 meV corresponds to the 1s excitonic transition. The Zeeman
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splitting of the 1s state becomes visible around 32 T. On the higher energy side of

the 1s peak, an additional weak absorption peak is attributed to the transition of

the 2s excitonic state. To observe additional absorption peaks in the higher energy

range, we first divided the measured spectra at high magnetic field by the zero-field

spectrum. In such way, we obtained the ratio spectra. Then, in order to obtain the

correct transition energies at the maxima of the peaks, we calculated the negative

derivative of the ratio spectra, as presented in Fig. 4.4(b). One excitonic transition

(2p) and three interband transitions between Landau levels in the conduction and

valence bands (N = 2, 3, 4) are observed. Note that the 2p excitonic transition is

forbidden at zero magnetic field, but becomes dipole allowed at high magnetic field

once the cyclotron energy exceeds the exciton binding energy [Makado 1986].

In the inset of Fig. 4.4(a), we show the reflectivity spectrum measured at zero

magnetic field. We clearly observe 1s and 2s excitonic transitions, as marked in

the insert. However, in the MAPbI3 polycrystalline thin films, the 2s excitonic

transition is absent at zero magnetic field, and only starts to be visible in high

magnetic field [Miyata 2015]. This is due to the fact that MAPbI3 polycrystalline

thin films exhibit a lower crystal quality, resulting in a much broader linewidth of the

1s excitonic transition, which prevents the observation of the 2s excitonic transition.

This phenomenon is consistent with the results obtained for other materials, such as

MAPbBr3. Galkowski at al. [Galkowski 2016] did not observe 2s excitonic transition

in MAPbBr3 polycrystalline thin films, while the 2s excitonic transitions are clearly

observed by Tilchin et al. [Tilchin 2016] in the reflectivity spectra of a MAPbBr3

single crystal.

Figure 4.5: Energies for excitonic and Landau level transitions as a function of the

applied magnetic field at 2 K (symbols). Blue solid lines are the results of a linear

fit of the interband transition between Landau levels in the valence and conduction

bands. Dashed lines result from the fit of the hydrogen-like transitions. Inset:

Expanded view of the low-energy transitions.
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To analyze the data, we plot the energy of the absorption as a function of

the magnetic field, as presented in Fig. 4.5. We fit the data using the same

models discussed as Chapter 3, namely, the dashed lines present the fit of the

hydrogen-like transitions in magnetic field based on the work of Makado and

McGill [Makado 1986]. The results of linear fits of the interband transition be-

tween Landau levels are presented as blue solid lines. The three excitonic transi-

tions and three inter-Landau level transitions allow us to precisely determine the

exciton binding energy and the reduced mass. The splitting of the 1s excitonic

transitions is included in this model by adding the Zeeman term (±geffµBB/2) to

the excitonic transition energies, where geff and µB are the effective g-factor and

Bohr magneton. The energy splitting increases linearly with the magnetic field,

which gives an effective g factor geff = 2.6± 0.1. This value is slightly larger than

previously found (geff = 1.72±0.05) by Tanaka et al. [Tanaka 2003b], possibly due

to the improved resolution of our measurement. It is, however, quite similar to the

previous results of our group (geff = 2.3±0.1) obtained on MAPbI3−xClx thin film

sample [Galkowski 2016].

The fitting of the exciton and free carriers transitions allows us to conclude that

at 2 K the reduced mass and the exciton binding energy are (0.104± 0.005)m0 and

(16± 2) meV, respectively. It is important to note that the exciton binding energy

obtained from the single crystal is identical to that of polycrystalline thin films

discussed in Chapter 3. This result confirms the conclusion in Chapter 3 that the

crystal grain sizes play a negligible role on the exciton binding energy for perovskite

materials.

The exciton binding energy from our result is significantly smaller than previ-

ously reported (37-50 meV) from the magneto-optical studies on MAPbI3 polycrys-

talline thin films, where only the 1s excitonic state was observed [Hirasawa 1994,

Tanaka 2003a]. We attribute this difference to the much poorer resolution of the

excitonic transitions and the underestimation of the value of the dielectric con-

stant in the previous study [Tanaka 2003a]. In this work, the authors assumed that

the exciton binding energy is much larger than the energies of the optical phonon

modes, so that the dielectric screening is not influenced by the lattice vibration.

Thus, the authors used the high frequency dielectric constant (εeff = 6.5) to calcu-

late the exciton binding energy [Tanaka 2003a]. However, recent Raman scattering

experiment shows that optical phonons have energies from 8 meV (vibration of the

inorganic cage) to 16 meV (libration of the organic cation) [Quarti 2013]. This sug-

gests that the dielectric screening is enhanced by the lattice vibration, and conse-

quently a value intermediate between the static ε0 = 25.7 [Wehrenfennig 2014] and

the high frequency ε∞ = 5.6 [Brivio 2014, Umari 2014] dielectric constant should

be used [Even 2014b]. Our values of the exciton binding energy and reduced mass

suggest a dielectric constant εeff ≈ 9.4, which is indeed intermediate between the

low and high frequency values, as expected. Our results are also in a good agree-

ment with the exciton binding energy of 15 meV deduced by Even et al. by fitting

a zero field exciton absorption spectrum [Even 2014b].



62 Chapter 4. Magneto-reflectivity on single crystal MAPbI3

4.2.2 Temperature dependence reflectivity

Figure 4.6: (a) Differential reflectivity spectra measured at different temperatures.

(b) 1s (green circle) and 2s (red circle) transition energy as a function of the tem-

perature. Inset: Exciton binding energy (estimated here from the 1s-2s splitting)

as a function of the temperature.

Figure 4.7: (a) The examples of the differentiate reflectivity fitted using Eq. 4.2 at

different temperatures. Solid lines are the differentiate reflectivity spectra, dashed

lines present the fitted responses. (b) The broadening Γ of free exciton transitions

as a function of temperature determined from the fitting of temperature dependence

differentiate reflectivity spectra.

The practical application of perovskite based solar cell devices requires a knowl-

edge of the electronic properties of the high temperature tetragonal phase of these

materials. We first measured the temperature dependence of the reflectivity spectra

of the single crystal. Fig. 4.6(a) shows the typical differential reflectivity spectra at



4.2. Magneto-reflectivity measurement on single crystal MAPbI3 63

the indicated temperature. The 1s transition appears as a pronounced peak, while

the 2s transition appears as a small shoulder on the high energy side of the 1s

transition. Due to the excellent crystalline quality, both 1s and 2s transition are

observed at temperatures as high as 35 K. The 1s and 2s transition energies as a

function of temperature are represented in Fig. 4.6(b). The 1s and 2s transitions

both exhibit a similar trend, blue shifting with increasing temperature. This blue

shift is common in perovskite materials [Wu 2014], in contrast to the majority of

semiconductors materials, which show a red shift of the band gap energy with the

increasing temperature [Varshni 1967]. The blue shift observed for MAPbI3 orig-

inates from the increased separation between the band extrema (band gap) with

increasing temperature [Huang 2013, Singh 2016]. As discussed in Section 1.3.1, the

band gap energy of MAPbI3 is significantly reduced by the spin-orbit interaction.

Since MAPbI3 has a large volume coefficient for thermal expansion (50 times more

than crystalline silicon), when the temperature increases, the spin-orbit interactions

within the inorganic lattice are significantly weakened, resulting in an increase of

the separation between the band extrema.

It is possible to deduce the binding energy R∗ from the 1s and 2s transitions,

since the energy separation of 1s and 2s gives the 0.75R∗, as expected from Eq. 1.17.

The deducedR∗ as a function of temperature is shown in the inset of Fig. 4.6(b). The

deducedR∗ does not show any temperature dependence up to 35 K. This is expected,

since there is no structural phase transition for MAPbI3 in the temperature range

from 4 K to 35 K, so that the exciton binding energy should remain the same.

The phase transition in the thin film MAPbI3 from orthorhombic to tetragonal

phase occurs about 150 K [Baikie 2013] and is accompanied by a dramatic red shift

of the bandgap (∼100 meV) [D’Innocenzo 2014a, Even 2014b, Yamada 2015]. In

our case, around 154 K, there is a abrupt transition to a lower energy, red-shifted

by 103 meV. This suggests that the sample has completed the transition from the

low temperature orthorhombic to the high temperature tetragonal phase.

We have also studied the broadening parameter Γ of the free exciton absorption

line as a function of temperature, by fitting the temperature dependence differen-

tial spectra with Eq. 4.2. Examples of the fitted spectra are shown in Fig. 4.7(a).

Solid lines show the measured differential reflectivity spectra, while the dashed lines

present the fit. Fig. 4.7(b) shows the broadening parameter Γ as a function of the

temperature. Schreiber et al. [Schreiber 1982] have investigate the influence of lat-

tice vibration on the absorption line shape of the excitons. They suggest that, for

different dimension of the crystal lattice, the absorption line shape of the excitons

exhibit different temperature dependence. In other words, the broadening parame-

ter of the exciton absorption depends on the temperature as T 2/3, T and T 3/2 for

one-, two- and three-dimensional crystal lattices, respectively [Schreiber 1982]. In

our case, apart from the temperature region of the phase transition (orthorhom-

bic/tetragonal), Γ shows a T 3/2 dependence, with a residual broadening parameter

of 3.6 meV (44 K) at low temperature. According to Schreiber’s work, this tem-

perature dependence is in a good agreement with the three dimensional crystal

lattice of MAPbI3 perovskite. In the temperature region of the phase transition,
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an additional broadening is observed. This may due to the fact that the phase

transition induces an additional distortion in the crystal structure, which leads to

an additional inhomogeneous broadening.

4.2.3 High temperature magneto-reflectivity

Figure 4.8: (a) Magneto-reflectivity spectra measured at T=168 K differentiated

with respect to energy. (b) High-temperature energy fan chart. The dashed lines

indicate hydrogenic transitions.

To study the electronic property of the MAPbI3 single crystal in the tetragonal

phase, we repeat the magneto-reflectivity measurement at 168 K. The differential

reflectivity spectra measured up to 66 T are shown in Fig. 4.8(a). The 1s excitonic

states appears as a pronounced peak in the reflectivity spectrum with a considerable

broadening (FWHM of 22 meV). The 2s states appear as a shallow peak at magnetic

fields higher than 39 T. However, at such a high temperature, no higher excitonic

or Landau levels transition are observed. Fig. 4.8(b) represents the energy fan chart

at 168 K. We have fitted the data for the 1s and 2s transition. From our previous

work [Miyata 2015], the reduced masses of thin films perovskite remain almost the

same for both orthorhombic phase and tetragonal phase. Thus, we assume that

reduced mass of single crystal at tetragonal phase is the same as at low temperature,

µ ' 0.104m0. With the same fitting procedure described for Fig. 4.5, we find

an exciton binding energy of 12±4 meV comparable to that estimated by similar

high temperature magneto-transmission experiments on a thin film [Miyata 2015].

The value of exciton binding energy decreases by few meV when going from the

orthorhombic phase to the tetragonal phase. This is consistent with the fact that the

phase transition increases the dynamic disorder related to the rotational motion of

the organic cation, resulting in an increase of the dielectric constant [Poglitsch 1987,

Even 2014b].

Whilever the MAPbI3 remains in the tetragonal phase, the dielectric response

does not change, so we assume that the exciton binding energy remains unchanged
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in tetragonal phase independent of the temperature. The thermal energy at room

temperature is ≈ 26 meV, which is larger than the exciton binding energy in the

single crystal. In this case, the electrons and holes in excitons are dissociated by the

thermal energy at room temperature, which suggests that the free carriers (rather

than excitons) are dominant in the single crystal at room temperature.

4.3 Conclusions

We performed magneto-reflectivity measurement on a high quality MAPbI3 single

crystal. The value of the exciton binding energy and effective reduced mass of the

single crystal sample at low temperature are identical to that of polycrystalline

thin film sample. The estimated value of exciton binding energy of single crystal

sample in tetragonal phase is smaller than the thermal energy at room temperature,

indicating that MAPbI3 shows non-excitonic behavior at room temperature, which

is important for the photovoltaic applications.
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In this chapter, we describe the results of the spectroscopic measurements of

the fully inorganic CsPbX3 perovskites. The temperature dependence of the absorp-

tion indicates the absence of a structural phase transition for all the investigated

materials, up to room temperature. By performing the magneto-transmission mea-

surements, we determine the binding energy and the reduced mass of the excitons in

CsPbX3. The results presented in this chapter have been published in ACS Energy

Lett., 2 (7), 1621-1627 (2017).

5.1 Introduction

It has been recently demonstrated that introducing small amount of inorganic-

cesium cations into the organic lattice of the hybrid perovskite (e.g.

Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3) greatly improves their properties result-

ing in a superior morphology, high solar cell efficiency and improved stability under

standard operation conditions [Saliba 2016b, Saliba 2016a, McMeekin 2016]. De-

spite the impressive performance of the mixed cation perovskite, very little is known

about the influence of the inorganic cesium cation on the electronic properties of

the mixed compounds. In order to answer this question, we have investigated the

electronic properties of fully inorganic CsPbX3 perovskites.

We present the results of optical studies of the electronic properties of fully inor-

ganic CsPbX3 thin films, where X = Br, I or an alloy of the two. The temperature

dependence of the absorption measurements suggest that CsPbX3 does not undergo
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a structural phase transition in the range from 4 K to 270 K, which is in striking con-

trast with organic-inorganic perovskites. We also performed magneto-transmission

measurements to determine the binding energy and reduced mass of the exciton in

CsPbX3. By comparing the dielectric constant of both hybrid and fully inorganic

perovskites, we show that, at low temperature, the dielectric screening is essentially

the same for both hybrid and inorganic materials and is mainly dominated by the

relative motion of the atoms within the lead halide cage.

5.2 Description of the samples and pre-experimental

treatment

Figure 5.1: (a)-(c) Photos of the annealed CsPbBr3, CsPbI2Br and CsPbI3 samples,

respectively.

CsPbX3 samples were fabricated by Rebecca J. Sutton in the Clarendon Lab-

oratory of the University of Oxford. In total, we have measured three different

compounds, namely, CsPbBr3, CsPbI2Br and CsPbI3. They are polycrystalline

thin films deposited on glass microscope slides.

Before we introduce the pre-experimental treatment, we first discuss the basic

properties of the three materials. CsPbI3 is known to be unstable under ambient

conditions. This is mainly due to the fact that, the small size of the Cs+ cation

results in a tolerance factor too low to sustain a cubic perovskite structure. In fact,

it has a “black” cubic perovskite phase with a band gap of around 1.73 eV (stable

above ≈ 593 K) and a “yellow” non-perovskite phase with a band gap of around

2.8 eV at room temperatures [Vorpahl 2015, Eperon 2015]. At room temperature

and in air, a full conversion for CsPbI3 from the black phase to the yellow phase

completes within a few minutes, or almost immediately in a humid environment.

It has been shown that CsPbI2Br is significantly more stable in the cubic phase

than their fully iodide counterparts [Ma 2016]. This is mainly because Br− has a

smaller ionic radius than I−, resulting in a higher tolerance factor for CsPbI2Br

than CsPbI3. CsPbI2Br starts to exhibit a cubic phase with a band gap of 1.9 eV

above 338 K [Niezgoda 2017]. Below this temperature, CsPbI2Br covert to a non

perovskite phase within 10 min. CsPbBr3 is even more stable. Indeed, it does not

have a non-perovskite phase. This compound can crystallize in three different struc-

ture, namely, orthorhombic, tetragonal and cubic. All of these three polymorphs

have a perovskite structure [Sakata 1979], and a similar band gap in the range of
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2.3-2.4 eV, corresponding to their orange color [Kulbak 2015]. This compound has a

phase transition from the orthorhombic phase to a tetragonal phase at 361 K, and a

further phase transition to a cubic phase at 403 K. [Kulbak 2015, Stoumpos 2013b].

Due to their limited stability in air at room temperature [Eperon 2015], CsPbX3

samples were systematically annealed before the experiment. The aim of this an-

nealing procedure is to recover the cubic perovskite phase for all the compounds,

because CsPbX3 compounds with cubic phase is of interest for their potential in

photovoltaic devices, as described in Section 1.4. Initially, CsPbI3 and CsPbI2Br

are transparent, due to the fact that they are in a non-perovskite phase and have a

bandgap near the UV range. CsPbBr3 has a yellow color, due to the fact that it is

in an orthorhombic phase with a band gap in 2.3-2.4 eV. The temperatures of the

phase transition for these three compounds are different (as discussed above), thus,

they are annealed at different temperatures. CsPbI3 was annealed at 623 K for 10

min. CsPbI2Br and CsPbBr3 were annealed at 523 K for 5-7 min. Fig. 5.1(a-c)

presents the photos of CsPbBr3, CsPbI2Br and CsPbI3 after annealing procedure.

After annealing, CsPbBr3 shows a yellow color suggesting a band gap in the range

of 2.3-2.4 eV, however the crystal structure of annealed CsPbBr3 is hard to specify

from the color. CsPbI2Br and CsPbI3 exhibit a brown color suggesting the band

gap in the range of 1.7-1.9 eV. After annealing, the samples were immersed in liquid

helium in a cryostat within 4 minutes.

Figure 5.2: (a)-(c) Transmission spectra measured at 4 K for annealed CsPbBr3,

CsPbI2Br and CsPbI3 sample, respectively.

In Fig. 5.2(a-c), we show the typical transmission spectra measured at 4 K of an-

nealed CsPbBr3, CsPbI2Br and CsPbI3 samples, respectively. All the spectra show

a clear minimum corresponding to the 1s excitonic absorption. The absorption en-

ergies of CsPbI3 and CsPbI2Br are around 1.72 and 1.87 eV, suggesting that they

are in a black perovskite phase (cubic phase) [Beal 2016]. In the case of CsPbBr3,

the absorption energy is around 2.32 eV, suggesting that the CsPbBr3 is also in a

perovskite phase. As described before, after annealing, the samples were directly

put into liquid helium (4 K), and this procedure freezes the crystal structure. There-

fore, we conclude that the sample pre-treatment procedure preserves the perovskite
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structure obtained from annealing.

5.3 Temperature dependent transmission measurement

After the pre-treatment of the samples, we measured the absorption of all the

CsPbX3 compounds as a function of the temperature, using the transmission tech-

nique described in Section 2.2.

In Fig. 5.3(a-c), we show typical transmission spectra of CsPbBr3, CsPbI2Br,

CsPbI3 measured over a wide range of temperatures varying from 4 K to 270 K.

Each transmission spectrum shows a clear, single minimum, which corresponds to

the 1s excitonic absorption. The minimum blue shifts and broadens with increasing

temperature for all the compounds. We plot the energy of the minimum of the

absorption resonances as a function of the temperature in Fig. 5.3(d). The absorp-

tion energies shift continuously with increasing temperature. In organic-inorganic

perovskite materials, the structural phase transition is always accompanied by a

dramatic band gap energy change [Stoumpos 2013a, Baikie 2013, Galkowski 2017].

Thus, the continuous shift of the band gap as a function of the temperature sug-

gests that there is no structural phase transition in CsPbX3. This phenomenon is

in stark contrast with the hybrid organic-inorganic perovskites. In the temperature

range of 4 K-300 K, the hybrid organic-inorganic perovskites exhibit a structural

phase transition around 150 K-170 K from low temperature orthorhombic to high

temperature tetragonal phase [Stoumpos 2013a, Baikie 2013].

All three polymorphs (orthorhombic, tetragonal and cubic phases) of CsPbBr3

exhibit similar band gaps and a yellow color. Simply from the color and the band

gap energy, it is hard to specify the exact polymorph for the annealed CsPbBr3.

After annealing and putting the sample into the helium cryostat, the measured

CsPbBr3 can be in any of the three polymorohs. In order to check which poly-

morph we have measured, we compared the results for annealed and non-annealed

CsPbBr3. The transmission spectra and absorption energy of the annealed CsPbBr3

sample are presented as black dashed lines and spheres in Fig. 5.3(a), (d). The

transmission data and the evolution of the absorption energy with the temperature

are identical for annealed and non-annealed CsPbBr3. Non-annealed CsPbBr3 is

in an orthorhombic phase [Beal 2016], suggesting that annealed CsPbBr3 is in an

orthorhombic phase as well. Thus, we conclude that, the annealing procedure does

not influence the crystal structure of CsPbBr3 under the measurement condition

used.

The absence of the phase transition in the CsPbX3 compunds suggests that

the electronic properties, such as exciton binding energy, will not change in the

investigated temperature range, as we will demonstrate in Section 5.5.
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Figure 5.3: Typical transmission spectra of (a) CsPbBr3, (b) CsPbI2Br and (c)

CsPbI3 sample measured at different temperatures. Circle symbols represent the

evolution of the 1s absorption with temperature. (d) Energies of the 1s transitions

as a function of temperature for all three compounds. The black dashed lines and

orange solid lines in panel (a) represent the spectra of annealed and as prepared

CsPbBr3. The black and orange circles in panel (d) represent the energies of 1s

transitions for annealed and as prepared CsPbBr3.
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Figure 5.4: (a)-(c) Transmission spectra measured at the indicated magnetic field

values for all the three compounds. (d)-(f) Transmission spectra in magnetic field

divided by the zero field spectrum for three compounds. (g)-(i) Monochromatic

transmission as a function of magnetic field for three compounds obtained by the

short pulse technique performed by A. Miyata. The measurements were performed

at 2 K.

5.4 Low temperature magneto-transmission measure-

ment

We have performed low temperature magneto-transmission spectroscopy to investi-

gate the electronic properties for CsPbX3 compounds, using long pulsed magnetic
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field techniques as described in detail in chapter 2. The results are presented and

discussed below.

5.4.1 Typical results and data analysis

Typical magneto-transmission spectra measured at 2 K for CsPbX3 are presented

in Fig. 5.4(a)-(c). As for the organic-inorganic compounds, we observe a dominant

minimum, which corresponds to the 1s excitonic transition. With the increase of the

magnetic field, a blue shift of the 1s transition is observed for all the compounds. To

observe the weaker absorption in the higher energy range, we divided the spectra at

B>0 T by the spectrum acquired at zero magnetic field, as shown in Fig. 5.4(d)-(f).

We observed additional absorption minima at higher energies. To follow the higher

energy transitions in an extended magnetic field range (70 T-150 T), A. Miyata has

performed monochromatic absorption measurement via Mega Gauss technique for

all the three compounds. Typical results are shown in Fig. 5.4(g)-(i). All the spectra

show clearly a series of minima as a function of magnetic field, which correspond

to the absorption at a given wavelength of the laser transmitted through the thin

films.

We analyze the magneto-transmission data for all the Cs compounds in the

same way as for MAPbI3, as described in Chapter 3. Namely, we take the en-

ergy at the minimum of the absorption line and construct the energy fan chart for

CsPbI3, CsPbI2Br and CsPbBr3. Typical results are shown in Fig. 5.5(a)-(c). The

blue circles represent the data from long pulse measurements, while the black stars

represent the data from Mega Gauss measurements performed by A. Miyata. We

fit the excitonic transition data in the low energy range with the hydrogen model,

as described in detail in Section 1.6.3. For the higher energy range data, we used

the formula corresponding to interband transition between the Landau level in the

conduction and valence band, as described in details in Section 1.6.2. The orange

lines present the fit for the excitonic transitions. The gray lines present the fit for

interband transition between Landau levels. We highlight the fit of 1s-2s excitonic

transitions by plotting an expanded view of the low field and low energy portion

of the fan chart in the panels below the full energy fan chart. The values of the

effective mass µ and binding energy R∗y obtained by the fitting procedure for all

three compounds are marked in each figure and summarized in Table 5.2. Note that

the exciton binding energy in CsPbI2Br (22± 3 meV) is less accurate than that of

CsPbBr3 (15± 1 meV) and CsPbI3 (33± 1 meV). This is because we observed the

2s state for CsPbBr3 and CsPbI3. The energy difference between 1s and 2s state

gives a strong constraint to the value of exciton binding energy. However, no trace

of the 2s state for CsPbI2Br is observed, resulting in a less accurate value for the

exciton binding energy in CsPbI2Br.

In Fig. 5.6, we show the binding energy and reduced mass of the exciton in cesium

compounds and organic-inorganic compounds as a function of the bandgap. Brown,

red and yellow stars present the results for CsPbI3, CsPbI2Br and CsPbBr3. For

comparison, we have added the results of the hybrid organic-inorganic perovskites
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Figure 5.5: Transition energies of the excitons and free carriers as a function of

the magnetic field at 2 K for (a) CsPbI3, (b) CsPbI2Br and (a) CsPbBr3. Circles

represent the data from long pulse field measurement. Stars are the data from

the Mega Gauss measurement performed by A. Miyata. Orange and gray lines are

the results of the fit of the hydrogen-like transition and the interband transition

between Landau levels. The lower panels show the zoom-in view of the low field

and low energy portion of the fan chart.

from our group’s previous work marked as circles [Miyata 2015, Galkowski 2016].

The pink and violet circles represent the results for FA and MA based hybrid per-

ovskites. The evolution of exciton binding energy with the band gap is fitted with

the equation R∗ = 0.010× Eg, as shown as black line in Fig. 5.6(a). In Fig. 5.6(b),

we observe an increase of the effective mass with the increasing of the band gap.

This can be understood in the frame of a simple two band k·p model [Heo 2013].

Assuming the effective mass for valence and conduction band are the same, the

reduced mass of the exciton can be written as,

1

µ
=

4|P |2

m0Eg
, (5.1)

where P = 〈ΨVB|px|ΨCB〉 is the momentum matrix element that couples states in

the conduction and valence bands. 2|p|2/m0 is the Kane energy [Makado 1986].

The theoretical predictions of the Kane energy are in the range 5.3-6.3 eV for these

materials [Even 2014b, Fang 2015]. The evolution of the reduced mass with the

band gap is fitted with the Kane energy of 8.3 eV, only slightly larger than theo-
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Table 5.1: Parameters determined from the fit of the energy fan chart for CsPbX3

at 2 K.

Compound Phase Eg (meV) R∗ (meV) µ (m0)

CsPbI3 cubic 1723 15± 1 0.114± 0.01

CsPbI2Br cubic 1906 22± 3 0.124± 0.02

CsPbBr3 orthorhombic 2342 33± 1 0.126± 0.01

Figure 5.6: (a) Binding energy and (b) effective mass as a function of the band

gap. Brown, red and yellow stars present the results for CsPbI3, CsPbI2Br and

CsPbBr3. Pink and violet circles represent the results for the FA and MA based

hybrid perovskites, from our previous work [Miyata 2015, Galkowski 2016].

retical predictions. The discrepancy may come from the different value of effective

mass used in the model.

5.4.2 Dielectric screening

With the value of the effective mass and binding energy of the exciton, the effective

dielectric constant of the materials can be calculated using,

εeff =
e2

~

√
µ

2R∗y
, (5.2)

Using the values of the exciton effective mass and binding energy obtained from the

fitting, we calculated the effective dielectric constants εeff for all the compounds,
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which are summarized in Table 5.2.

Table 5.2: Calculated effective dielectric constant for CsPbX3 at 2 K.

Compound Phase Eg (meV) εeff

CsPbI3 cubic 1723 10.0 ± 0.4

CsPbI2Br cubic 1906 8.6 ± 0.8

CsPbBr3 orthorhombic 2342 7.3 ± 0.4

Figure 5.7: Dielectric constant as a function of the band gap. Brown, red and yellow

stars present the results for CsPbI3, CsPbI2Br and CsPbBr3. Pink circles represent

the results for the FA based hybrid perovskites, while the violet circles represent

the results for the MA based hybrid perovskites.

In Fig. 5.7, we compared the effective dielectric constant for cesium-based per-

ovskites (stars) with the hybrid organic-inorganic perovskites (circles) measured at

2 K. To understand the results, we first group the data in the way that data points

from the same group have the same halide, and different A cation (MA, FA, Cs).

The blue dashed lines indicate the average value of dielectric constant in each group.

It is clear from the results that the dielectric constant does not change within the

experimental error for a given lead-halide cage, regardless of the cation. It has been

suggested that the main contributions to the dielectric screening are due to the Pb-

X stretching modes and Pb-X-Pb rocking modes [Pérez-Osorio 2015, Sendner 2016].

This is consistent with what is observed in Fig. 5.7. At low temperature, when the

organic cation motion is frozen, the dielectric mechanism is essentially the same

for both hybrid and inorganic perovksites and is mainly dominated by the relative

motion of atoms within the lead halide cage.
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Figure 5.8: Transmission spectra measured at indicated magnetic field and at 180 K

for CsPbBr3.

Figure 5.9: 1s transition as a function of magnetic field in CsPbBr3 at two different

temperature.

5.5 High temperature magneto-transmission measure-

ment

We also performed magneto-transmission measurement on CsPbBr3 at 180 K. Typ-

ical transmission spectra are shown in Fig. 5.8. The spectra show a dominant min-

imum corresponding to the 1s excitonic transition. However, no higher excitonic

and free carrier transitions are observed.

In order to compare the exciton binding energy in cesium compounds at low

and high temperature, we plot the 1s transition energies as a function of magnetic

field at low temperature (4 K) and high temperature (180 K) in the same frame, as

shown in Fig. 5.9. The data are vertically offset to compensate the change of the

band gap induced by the increase of the temperature. The excellent overlap of the
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two sets of data indicates that the exciton binding energy does not change within

experimental accuracy. The temperature dependent transmission measurement sug-

gests that the CsPbX3 materials do not undergo a structural phase transition up

to room temperature. Hence, the dielectric screening does not change, thus, the

exciton binding energy does not vary over the investigated temperature interval.

This result is in contrast with the organic-inorganic perovskites. The phase tran-

sition of organic-inorganic perovskites allows the rotational motion of the organic

cations, which enhances the dielectric screening and reduces the exciton binding

energy [Poglitsch 1987, Even 2014b, Yang 2017b, Galkowski 2016].

5.6 Conclusion

In this chapter, we present the results of magneto-optical investigation of fully in-

organic CsPbX3 compounds (X = I, Br and a mixture of these). The continuous

increasing of the bandgap with the temperature indicates the absence of any struc-

tural phase transition for fully inorganic perovskite in the temperature range from

4 K to 270 K. Thus, the electronic properties of the CsPbX3 do not change over

this temperature range. By performing the magneto-transmission measurement on

CsPbX3, we have determined the exciton binding energies and reduced mass with

high accuracy. Comparison of the values of dielectric constant for inorganic and

hybrid perovskites indicates that, at low temperature when the organic cations are

frozen, the dominant contribution to the dielectric screening is related to the relative

motion within the lead-halide cage.
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Conclusions

Recently, solar cells based on the hybrid perovskites, with the general chemical

formula of ABX3, have reached an astonishing power conversion efficiency as high

as 23.6%. The hybrid perovskites exhibit many advantages for the application

of photovoltaic devices, such as strong broad band absorption, low cost fabrica-

tion processes, long carrier diffusion lengths and lifetimes. Although remarkable

achievement have been made in this research field, there are still many fundamental

issues which are under debate. For example, (i) the impact of the microstructure

on the Coulomb interaction between the photo-created electron-hole pairs (exci-

tons) in the perovskite materials. (ii) the impact of fully inorganic cation on the

electronic properties of mixed compounds. To address these issues, we have used

magneto-optical methods to investigate the exciton binding energy and reduced

mass in MAPbI3 compound with a variety of crystal grain sizes and in CsPbX3

fully inorganic compounds.

A variety of fabrication methods are employed to prepare the perovskite mate-

rials, which leads to a variety of morphologies and different degrees of structural

disorder in the perovskite materials. To investigate the correlation between the mor-

phology of the thin film perovskites and the excitonic properties, we have performed

magneto-transmission measurement on four different MAPbI3 polycrystalline thin

films with different crystal grain sizes (from 50 nm to 770 nm). By analyzing the

magnetic field evolution of energies of the interband transitions between the exci-

tonic and free-carrier states, we extract the value of exciton binding energy and

reduced mass of MAPbI3. We find that these four MAPbI3 polycrystalline thin

films have the same value of exciton binding energy (R∗ = 16 ± 4meV ), and the

reduced mass of excitons varies slightly from 0.102m0 to 0.109m0. This indicates

that the microstructure plays a negligible role in the excitonic properties of the

MAPbI3 compounds. To generalize our finding to other perovskite compounds, we

have performed the same measurement on triple-cation lead mixed-halide thin film

perovskite Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 with two considerably different

morphologies, namely (i) mesoporous with crystal gain size <50 nm, (ii) planar

with crystal grain size around 100-300 nm. The extracted value of reduced mass

and binding energy of excitons in these two films are identical (R∗ = 13 ± 2 meV,

µ = 0.096 ± 0.008m0). Thus, we conclude that microstructure truly play a neg-

ligible role in the exciton properties of mixed organic-inorganic lead halide-based

perovskites, regardless of the thin film deposition technique and final morphology.

In addition, we have performed magneto-reflectivity studies on a millimeter size

MAPbI3 high quality single crystal. We extract the exciton binding energy and
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reduced mass for MAPbI3 for both low temperature (T = 2 K) orthorhombic and

high temperature (T = 168 K) tetragonal phases. The exciton binding energy in

MAPbI3 single crystal at low temperature is identical to that of MAPbI3 polycrys-

talline thin films, which confirms that the excitonic properties do not depend upon

the crystal size or morphology. The estimated value of exciton binding energy in

MAPbI3 single crystal in the tetragonal phase (R∗ = 12 meV) is less than the ther-

mal energy (26 meV) at room temperature, indicating a non-excitonic behavior for

MAPbI3 single crystal at the operational condition.

Finally, we have investigated the electronic properties of fully inorganic CsPbX3

perovskite, where X = Br, I or an alloy of the two. Before the measurement, the

CsPbX3 polycrystalline thin films are annealed to recover the perovskite struc-

ture, and then the thin films are put in the liquid helium immediately. This pre-

experimental treatment process preserves the perovskite structure of CsPbX3 com-

pounds at temperatures as low as 4 K. After the pre-treatment of the samples,

we have measured the absorption of all the CsPbX3 compounds as a function of

the temperature. The energy of the 1s transition blue shifts continuously with in-

creasing temperature, suggesting that the CsPbX3 compounds do not undergo a

structural phase transition in the temperature range from 4 K to 270 K. We also

perform low temperature magneto-transmission spectroscopy on all three CsPbX3

compounds. By analyzing the data, we estimate the exciton binding energy and

reduced mass in CsPbBr3, CsPbI2Br and CsPbI3 compounds. Knowing the value

of exciton binding energy and reduced mass, we calculate the dielectric constant

for all the measured compounds. By comparing the dielectric constant of the fully

inorganic and hybrid perovskites at low temperature, we find that the dielectric

constant does not change significantly for a given lead-halide cage, regardless of

the cation. Thus, we conclude that at low temperature, when the organic cation

motion is frozen, the dielectric mechanism is essentially the same for both hybrid

and inorganic perovksites and is mainly dominated by the relative motion of atoms

within the lead halide cage.
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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

Les pérovskites forment une large classe de matériaux, ayant la même structure

cristalline que le titanate de calcium (CaTiO3), nommé d’après le minéralogiste

russe Lev Perovski (1839) [Wenk 2016]. Les pérovskites sont intéressants pour

leur flexibilité de substitution chimique et ont un large éventail d’applications in-

dustrielles. Par exemple, BaTiO3 est un matériau très utilisé comme ferroélec-

triques [Megaw 1945]. YBa2Cu3O7 ouvre une nouvelle voie vers la supraconductiv-

ité à haute température critique [Wu 1987]. Enfin, Ba(Zn1/3Ta2/3)O3 est largement

utilisé comme filtres de fréquence dans les communications sans fil [Tamura 1986]

grâce à une constante diélectrique élevée.

B.1.1 Structure pérovskite

Figure B.1: (a) Structure pérovskite avec la formule chimique ABX3. (b) Le struc-

ture de réseau étendu connecté par octahedre BX6. Les sphères rouges, bleus, vertes

représentent réspectivement les cations A, B et l’anion X. D’après [Cheng 2010].

La formule chimique générale d’une structure pérovskite est ABX3. La cellule

unitaire consiste en un gros cation A, un petit cation B et trois anions X. Un schéma

de la cellule unitaire d’une structure pérovskite dans la phase cubique est présenté
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dans la figure B.1. Le cation A se trouve aux coins, le cation B est situé au centre

du cube, et les anions X sont situés au centre des faces du cube. Dans une structure

pérovskite, un cation B et six anions X forment un octaèdre (BX6 octaèdre), où le

cation B est situé au centre de l’octaèdre et les anions X sont situés aux coins autour

du cation B (coordination de 6). En réalité, la structure de la pérovskite peut être

décrite comme suit : l’octaèdre BX6 forme un réseau tridimensionnel en reliant

tous les coins, tandis que les cations A remplissent les trous parmi les octaèdres

(coordination de 12), comme le montre la figure B.1.

B.1.2 Perovskites hybrides

Au cours des dernières années, une grande famille des pérovskites hybrides

organiques-inorganiques a attiré beaucoup d’attention en raison de ses nombreuses

applications potentielles, comme les diodes électroluminescentes (LED) [Cho 2015],

les lasers [Xing 2014] et surtout les dispositifs photovoltäıques à haut rende-

ment [Kojima 2009, Liu 2013]. Les perovskites hybrides organiques-inorganiques

sont formés lorsque le cation inorganique A est remplacé par un organique. En rai-

son de l’espace limité entre les octaèdres inorganique, seulement de petits cations

organiques, constitués de trois liaisons C-C ou C-N ou moins, peuvent s’adapter à

l’intérieur de la structure pérovskite. Les cations A organiques les plus courants

sont Méthylammonium (MA: CH3NH+
3 ) ou Formamidinium (FA: CH(NH2)+

2 ). Les

cations B sont habituellement Pb2+ ou Sn2+, tandis que les anions X provien-

nent des halogénures du groupe VII (Br−, Cl−, I−, ou une composition mixte de

ceux-ci). Il a été suggéré, que les perovskites hybrides ont un fort caractère d’auto-

assemblage pendant la formation du cristal; (i) les ions inorganiques sont favorables

à la formation le réseau octaédrique, et (ii) les molécules organiques sont favorables

à l’occupation des zones vacantes entre les octaèdres [Cheng 2010]. Ce caractÃĺre

fait que ce genre de matériaux est faciles à synthétiser grâce à une variété de méth-

odes de fabrication, telles que le dépôt séquentiel [Burschka 2013], le traitement

en solution [Yang 2015a] assisté par vapeur dépôt [Chen 2013], et aux techniques

d’évaporation sous vide [Liu 2013].

Une autre propriété des perovskites hybrides est qu’il est relativement facile

de substituer les cations A, B ou les ions halogénures par d’autres éléments. En

utilisant la substitution chimique, on peut régler l’énergie de la bande interdite sur

une large gamme de 1,1 eV à 3,1 eV [Suarez 2014, Hoke 2015, Zhao 2017], qui cou-

vre l’ensemble du visible et une partie du spectre de la gamme proche infrarouge.

En plus des propriétés décrites ci-dessus, les pérovskites hybrides se caractérisent

également par une forte absorption à large bande, une longue longueur de diffu-

sion [Dong 2015] et une longue durée de vie des porteurs de charches [Stranks 2013].

Toutes ces propriétés rendent les perovskite hybride très prometteurs en tant que

capteur de lumière pour les cellules solaires à faible coût et à haut rendement.

MAPbI3, en tant que prototype de cette famille, a d’abord été utilisé comme couche

active dans l’industrie solaire dispositifs cellulaires en 2009 [Kojima 2009].
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B.1.3 Motivation

Une variétée de méthodes de fabrication sont utilisées pour préparer les matéri-

aux de type pérovskite, tels que les techniques à une seule étape [Kim 2016], à

séquençage séquentiel [Burschka 2013] ou à gaz [Huang 2014]. Cela conduit à une

variété de morphologies pour les matériaux pérovskite. La morphologie joue un rôle

très important, car elle peut influencer la longueur de diffusion ou la durée de vie des

porteurs et, par conséquent, l’efficacité des cellules solaires. En plus des paramètres

discutés ci-dessus, il a également été suggéré, par Grancini et al. [Grancini 2015],

que la morphologie du film a une influence sur l’interaction de Coulomb entre les

électron et les trous. En analysant les résultats des spectres de transmission résolus

en fonction de la température, ils affirment que l’énergie de liaison de l’exciton peut

varier en fonction de la microstructure du film de pérovskite. Afin de vérifier cela,

nous avons effectué une spectroscopie de magnéto-transmission sur des films minces

MAPbI3 avec une variété de tailles de grains cristallins. Comme nous le verrons, les

résultats présentés dans cette thèse démontrent clairement que ce n’est pas le cas.

Il a été démontré récemment que l’introduction de petites quantités de cations

inorganiques dans le réseau organique de la perovskite hybride améliore grande-

ment leurs propriétés, résultant en une morphologie supérieure, une efficacité élevée

des cellules solaires et une stabilité améliorée dans des conditions de fonction-

nement standard [Saliba 2016b, Saliba 2016a, McMeekin 2016]. Malgré les im-

pressionnantes performances des perovskites à cations mixtes, on connâıt très peu

l’influence du cation de césium inorganique sur les propriétés électroniques des com-

posés mixtes. Afin de répondre à cette question, nous avons étudié les propriétés

électroniques de perovskites CsPbX3 entièrement inorganiques.

B.2 Techniques expérimentales

Le deuxième chapitre décrit la mise en place expérimentale, qui est utilisée pour

étudier les propriétés excitoniques des pérovskites. Dans cette thèse, deux types

de techniques sont utilisés : à savoir les techniques de magnéto-transmission et

de magnéto-réflectivité. La technique de magnéto-transmission est utilisée pour

mesurer des échantillons transparents (par exemple des films minces polycristallins

MAPbI3), tandis que la technique de magnéto-réflectivité est utilisée pour mesurer

un échantillon non transparent (par exemple un monocristal de MAPbI3). Plus de

détails peuvent être trouvés dans le chapitre 2.

B.3 Magnéto-transmission sur films polycristallins

MAPbI3

Nous étudions la corrélation entre la morphologie des pérovskites à couches minces et

les propriétés excitoniques. Pour ce faire, nous effectuons des mesures de magnéto-

transmission pour extraire l’énergie de liaison et réduire la masse des excitons dans
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les films minces MAPbI3, avec une large gamme des tailles de grains de cristal.

B.3.1 Description des échantillions

Figure B.2: Images MEB vue de dessus de films minces de MAPBI3 déposés sur

des substrats de verre de différentes morphologies. (A) Film mince polycristallin

avec une taille moyenne de grain cristallin de 770±230 nm (LPC). (B) film mince

polycristallin avec une taille de grain de 210±60 nm (SPC). (C) Petits cristaux

de MAPBI fabriqués avec la technique d’immersion en deux étapes traitée par

dissolution, donnant une taille de cristaux de 290±70 nm (SC). (D) MAPBI3 infiltré

dans un mésoporeux épais-Al2O3, résultant d’une taille de grain cristallin < 50 nm

(MP). Les barres d’échelle sont 1µm pour chaque panneau.

La figure B.2 représente des images de microscopie électronique (MEB) de la

vue de dessus des échantillons. Les morphologies varient d’un film polycristallin

plan avec des tailles de grain de 770±230 nm (A: polycristallin à gros grains annoté

LPC) et un film polycristallin avec des tailles de grain de 210±60 nm (B: petit grain

polycristallin annoté SPC), à de petits cristaux de 290±70 nm fabriqués par une

technique de trempage en deux étapes. (C: petit cristal annoté SC) et également

perovskite infiltré dans un échafaudage d’oxyde d’aluminium mésoporeux épaisse de

2 µm (mp-Al2O3) avec des tailles de grains <50 nm (D: cristal mésoporeux annoté

MP).

B.3.2 Spectres de magnéto-transmission sur un échantillon de LPC

L’approche expérimentale et l’analyse des données utilisées pour tous les échantillons

seront expliquées en détail en utilisant comme exemple des résultats de l’échantillon
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Figure B.3: Spectres typiques de magnéto-transmission d’un échantillon LPC. (a)

Séquences de spectres de transmission typiques d’échantillon LPC mesurées sous

les champs magnétiques indiqués. (b) Une séquence des rapports des spectres de

transmission mesurés sous champ magnétique intermédiaire, qui montre clairement

l’état 2s. (c) Une séquence des rapports des spectres de transmission dans la gamme

d’énergie supérieure, qui montre clairement les transitions interbandes des niveaux

de Landau.

LPC. Les spectres typiques de magnéto-transmission de l’échantillon LPC mesurés

aux valeurs indiquées du champ magnétique à basse température (2 K) sont présen-

tés Fig. B.3(a). Pour chaque spectre, nous observons un minimum qui correspond à

la transition excitonique 1s. Les états 1s bleu se décale avec un champ magnétique

croissant. Pour une identification sans ambigüıté de la transition optique plus faible,

nous montrons dans la Fig. B.3(b), (c) le rapport entre les spectres de transmission

à un champ magnétique élevé et les spectres de transmission à champ nul. Dans

la Fig. B.3 (b), nous présentons les rapport de spectres mesurés sous champ mag-

nétique intermédiaire (19-30 T), qui montre clairement les transitions excitoniques

2s. Une séquence des transitions marquées par des flèches commence à être vis-

ible à partir de 30 T dans une plage d’énergie plus élevée, comme présenté dans

la Fig. B.3(c). Ces transitions deviennent plus prononcées avec l’augmentation du

champ magnétique. Leurs énergies ont un plus grand décalage vers le bleu, induit

par le champ magnétique, que les transitions à basse énergie, ce qui suggère qu’il

s’agit principalement de transitions de porteurs libres entre les niveaux de Landau

dans les bandes de valence et de conduction.

Pour suivre les transitions de porteurs libres sur une plage étendue de champs

magnétiques (70 T-150 T), nous avons collaboré avec le Dr. Atsuhiko Miyata pour

effectuer une mesure de Mega Gauss au LNCMI-T. Dans cette technique, la trans-

mission de la lumière (laser) monochromatique à travers l’échantillon est mesurée

en fonction du champ magnétique. Dans la Fig. B.4, nous montrons les résultats

typiques des échantillons de LPC. Tous les spectres montrent des minima clairs en

fonction du champ magnétique, qui correspondent à la transition résonante entre les

niveaux de Landau des porteurs libres. L’énergie du laser d’excitation est indiquée
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Figure B.4: Résultats typiques de la transmission monochromatique à basse tem-

pérature en fonction du champ magnétique obtenus par la technique de Mega Gauss

réalisée par le Dr Atsuhiko Miyata.

en dessous de chaque courbe.

Figure B.5: (a) Résultats typiques des énergies d’absorption en fonction du champ

magnétique. Les sphères bleues, rouges et violettes proviennent de la mesure du

champ magnétique à impulsions longues, tandis que les étoiles noires proviennent

de la mesure de Mega Gauss mesurée par le Dr. Atsuhiko Miyata au LNCMI-T.

(b) Ajustement des transitions entre les porteurs libres et les niveaux de Landau de

la bande de conduction et de la bande de valence (lignes continues bleues). (c) La

courbe du panneau (b) complétée par la courbe d’ajustement du modèle de type

hydrogène pour 1s, 2s et 2p (lignes pointillées bleues, rouges et noires).

En supposant que les transitions des porteurs libres dominent dans la gamme des

champs magnétiques élevés, nous ajustons d’abord les transitions interbandes entre
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les niveaux de Landau dans les bandes de conduction et de valence. La masse réduite

µ est le seul paramètre approprié pour tous les niveaux de Landau. La modélisation

de la plage de haute énergie et de la plage de champs magnétiques élevée des données

permet une détermination précise de la masse réduite. Les résultats d’un ajustement

typique de porteurs libres jusqu’à N = 4 pour l’échantillon LPC sont montrés sur

Fig. B.5(b). Pour cet échantillon, la masse réduite µ est estimée à 0.102± 0.002m0.

Ensuite, dans un second temps, nous utilisons les solutions numériques de

Makado et McGill pour que l’hamiltonien ressemblant à l’hydrogène corresponde

aux données. Les paramètres d’ajustement de cette solution sont la masse réduite

d’exciton µ et l’énergie de liaison d’exciton R∗. Nous utilisons la même masse ré-

duite µ extraite des transitions inter-bandes de Landau. Les résultats d’ajustement

sont représentés par des lignes pointillées dans la Fig. B.5(c). Dans cet échantillon,

nous avons observé trois transitions excitoniques-1s, 2s et 2p. L’observation des

deux états 1 et 2 donne une forte contrainte sur la valeur de l’énergie de liaison

d’exciton. L’énergie de liaison de l’exciton dans l’échantillon LPC est estimée à

16±1 meV.

B.3.3 Résultats de la magnéto-transmission sur les échantillons
SPC, SC et MP

Table B.1: Résumé des paramètres d’ajustement pour les quatre morphologies de

MAPbI3 à basse température (2 K)

Crystal size (nm) Eg (meV) µ (m0) Ry∗ (meV)

LPC 770 ± 230 1642 ± 2 0.102 ± 0.002 16 ± 1

SPC 290 ± 70 1643 ± 2 0.105 ± 0.002 16 ± 4

SC 210 ± 60 1639 ± 2 0.109 ± 0.002 16 ± 4

MP <50 1638 ± 2 0.107 ± 0.003 16 ± 4

Ensuite, nous avons effectué la même mesure et analyse sur d’autres échantil-

lons MAPbI3 (SPC, SC, MP) avec différentes tailles de grains. Nous avons égale-

ment adapté les données pour les quatre morphologies de MAPbI3 séparément,

comme le montre la Fig. B.6. Les sphères représentent les points de données de

la mesure d’impulsion longue. Les étoiles présentent les points de données de la

mesure Mega Gauss effectuée par Dr. A. Miyata. Les lignes pleines et pointillées

sont respectivement les ajustements de l’ensemble des niveaux de Landau et les

transitions excitoniques. Le paramètre d’ajustement pour les quatre échantillons

est résumé dans le tableau B.1. Dans la Fig. B.7, nous montre une représentation

du tableau B.1. La masse réduite et l’énergie de liaison sont présentées avec respec-

tivement des cercles rouges et des carrés bleus. L’image MEB de chaque échantillon

est insérée en bas de la figure. La masse réduite varie de 0,102 m0 à 0,109 m0, tan-

dis que l’énergie de liaison reste la même pour tous les échantillons dans l’erreur

expérimentale. Ainsi, nous concluons que la microstructure joue un rôle négligeable
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Figure B.6: (a) - (d) Diagrammes en ventilateurs d’énergie séparer des échantillons

MP, SC, SPC et MP, respectivement. Les sphères représentent les points de données

à partir d’une mesure d’impulsion longue. Les étoiles représentent les points de

données issus de la mesure de Mega Gauss effectuée par A. Miyata. Les lignes

pleines et pointillées sont respectivement les ajustements à l’ensemble des niveaux

de Landau et les transitions excitoniques,.

dans les propriétés d’exciton des perovskites à base d’halogénure de plomb mixte

organique-inorganique, quelle que soit la technique de dépôt du film mince et la

morphologie finale. Cela confirme l’hypothèse que la large gamme d’énergies de

liaison d’excitons trouvées dans la littérature [D’Innocenzo 2014a] ne peut pas être

attribuée à des morphologies ou des tailles de grains différentes.

B.4 Magnéto-réflectivité sur monocristal MAPbI3

Dans ce travail, nous avons réalisé des études de magnéto-réflectivité sur une taille

millimétrique MAPbI3 monocristal de haute qualité. Premièrement, nous décrivons

les données et l’analyse, qui a été effectuée pour obtenir les énergies de la résonance

d’absorption des spectres de réflectivité. Nous déduisons ensuite l’énergie de liaison

des excitons et la masse réduite à partir des mesures de le réflectivité sous champ
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Figure B.7: Énergie de liaison R∗ et masse réduite µ des excitons pour les différentes

morphologies.

magnétique élevé, à la fois pour les phases orthorhombique à basse température, et

les phases tétragonales à haute température.

B.4.1 Magnéto-réflectivité à basse température

Figure B.8: (a) Spectres de réflectivité différentielle mesurés aux valeurs de champ

magnétique indiquées à 2 K. Les flèches indiquent les pics d’absorption. Encart:

Spectres de réflectivités tel que mesurés sous un champ magnétique nul. (b) Spectres

de réflectivité différentielle sous champ magnétique élevé après normalisation selon

la réflectivité à champ nul. Les flèches de mêmes couleurs indiquent la transition

entre les mêmes niveaux de Landau.
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Un ensemble complet des spectres de magnéto-réflectivité différentielle mesurés

á 2 K sont montrés sur la figure B.8(a) pour un champ magnétique montant jusqu’à

66 T. Sous faible champ magnétique, le pic dominant à 1640 meV correspond à

la transition excitonique 1s. La division de Zeeman de l’état 1s devient visible

autour de 32 T. Du côté de l’énergie supérieure du pic 1s, un pic d’absorption faible

supplémentaire est attribué à la transition de l’état excitonique 2s. Pour observer

des pics d’absorption supplémentaires dans la gamme d’énergie supérieure, nous

avons d’abord divisé les spectres mesurés à un champ magnétique élevé par le

spectre à champ nul. De cette manière, nous avons obtenu les rapport de spectres.

Ensuite, afin d’obtenir les énergies de transition correctes aux maxima des pics, nous

avons calculé la dérivée négative des rapport de spectres, comme présenté sur la

figure B.8(b). Une transition excitonique (2p) et trois transitions interbandes entre

les niveaux de Landau dans les bandes de conduction et de valence (N = 2, 3, 4)

sont observées. Notez que la transition excitonique 2p est interdite à un champ

magnétique nul, mais devient dipôle autorisé à un champ magnétique élevé une fois

que l’énergie du cyclotron dépasse l’énergie de liaison d’exciton [Makado 1986].

Figure B.9: Energies des transitions excitoniques et des niveaux Landau en fonction

du champ magnétique appliqué à 2 K (symboles). Les lignes continues bleues sont

le résultat d’un ajustement linéaire des transitions interbandes entre les niveaux

de Landau dans les bandes de valence et de conduction. Les lignes pointillées

résultent de l’ajustement des transitions de type hydrogène. Encart: Vue agrandie

des transitions à basse énergie.

Pour analyser les données, nous tracons l’énergie de l’absorption en fonction

du champ magnétique, comme présenté dans la figure B.9. Nous ajustons les don-

nées en utilisant les mêmes modèles discutés que le section B.3, à savoir, les lignes

pointillées présentent l’ajustement des transitions de type hydrogène dans le champ

magnétique basé sur le travail de Makado et McGill [Makado 1986]. Les résultats

des ajustements linéaires de la transition interbandes entre les niveaux de Lan-
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dau sont présentés sous la forme de lignes continues bleues. Les trois transitions

excitoniques et trois transitions de niveau inter-Landau permettent de déterminer

précisément l’énergie de liaison de l’exciton et la masse réduite. La division des

transitions excitoniques 1s est incluse dans ce modèle en ajoutant le terme Zeeman

(±geffµBB/2) aux énergies de transition excitoniques, où geff et µB sont le facteur

g efficace et Bohr magneton. La division de l’énergie augmente linéairement avec le

champ magnétique, ce qui donne un facteur g efficace geff = 2.6±0.1. Cette valeur

est légèrement plus grande que celle trouvée précédemment (geff = 1.72±0.05) par

Tanaka et al. [Tanaka 2003b], probablement en raison de la résolution améliorée

de notre mesure. Il est, cependant, assez similaire aux résultats précédents de

notre groupe (geff = 2.3 ± 0.1) obtenu sur MAPbI3−xClx échantillon de film

mince [Galkowski 2016].

L’ajustement des transitions des excitons et des porteurs libres permet de con-

clure qu’à 2 K la masse réduite et l’énergie de liaison des excitons sont (0.104 ±
0.005)m0 et (16 ± 2) meV, respectivement. Il est important de noter que l’énergie

de liaison d’exciton obtenue à partir du monocristal est identique à celle des couches

minces polycristallines discutées dans le section B.3. Ce résultat confirme la con-

clusion du section B.3 que les tailles des grains cristallins jouent un rôle négligeable

sur l’énergie de liaison des excitons pour les matériaux pérovskites.

B.4.2 Dépendence en temperature de la reflectivité

Figure B.10: a) Spectres de réflectivité différentielle mesurés à différentes tempéra-

tures. (b) 1s (cercle vert) et 2s (cercle rouge) énergie de transition en fonction de

la température. Encart: énergie de liaison de l’exciton (estimée ici à partir de la

division 1s-2s) en fonction de la température.

L’application pratique de dispositifs à base de cellules solaires à base de

pérovskite nécessite une connaissance des propriétés électroniques de la phase té-

tragonale à haute température de ces matériaux. Nous avons d’abord mesuré la

dépendance en température des spectres de réflectivité du monocristal. Fig. B.10(a)
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montre les spectres de réflectivité différentielle typiques à la température indiquée.

La transition 1s apparâıt comme un pic prononcé, alors que la transition 2s ap-

parâıt comme une petite épaule du côté haute énergie de la transition 1s. En

raison de l’excellente qualité cristalline, on observe des transitions 1s et 2s à des

températures aussi élevées que 35 K. Les énergies de transition 1s et 2s en fonc-

tion de la température sont représentées sur la figure B.10(b). Les transitions 1s

et 2s présentent toutes deux une tendance similaire, le décalage vers le bleu avec

l’augmentation de la température. Ce décalage vers le bleu est commun dans les

matériaux de type perovskite [Wu 2014], contrairement à la majorité des matériaux

semi-conducteurs, qui montrent un décalage vers le rouge de l’énergie de bande in-

terdite avec la température croissante [Varshni 1967]. Le décalage bleu observé pour

MAPbI3 provient de la séparation accrue entre les extrema de la bande (bande inter-

dite) avec une augmentation de la température [Huang 2013, Singh 2016]. L’énergie

de bande interdite de MAPbI3 est significativement réduite par l’interaction spin-

orbite. Puisque MAPbI3 a un grand coefficient de dilatation thermique (50 fois plus

que le silicium cristallin), lorsque la température augmente, les interactions spin-

orbite dans le réseau inorganique sont significativement affaiblies, ce qui entrâıne

une augmentation de la séparation entre la bande extrema.

Il est possible de déduire l’énergie de liaison R∗ des transitions 1s et 2s, puisque

la séparation d’énergie de 1s et 2s donne 0.75R∗. La déduction de R∗ en fonction

de la température est montrée dans l’encadré de la Fig. B.10(b). La déduction de

R∗ ne montre aucune dépendance en température jusqu’à 35 K. Ceci est attendu,

car il n’y a pas de transition de phase structurelle pour MAPbI3 dans la gamme de

température de 4 K à 35 K, de sorte que l’énergie de liaison d’exciton devrait rester

la même.

La transition de phase dans le film mince MAPbI3 de la phase orthorhom-

bique à la phase tétragonale se produit environ 150 K [Baikie 2013] et est

accompagnée d’un dramatique décalage vers le rouge de l’énergie de gap.

(∼100 meV) [D’Innocenzo 2014a, Even 2014b, Yamada 2015]. Dans notre cas, vers

154 K, il y a une transition brusque vers une énergie plus faible, décalée de 103 meV.

Ceci suggère que l’échantillon a achevé la transition de la phase orthorhombique

basse température à la phase quadratique haute température.

B.4.3 Magnéto-réflectivité à haute température

Pour étudier les propriétés électroniques des monocristaux de MAPbI3 dans la phase

tétragonale, nous répétons la mesure de magnéto-réflectivité à 168 K. Les spectres

de réflectivité différentielle mesurés jusqu’à 66 T sont montrés sur la figure B.11(a).

Les états excitoniques 1s apparaissent comme un pic prononcé dans le spectre de

réflectivité avec un élargissement considérable (FWHM de 22 meV). Les états 2s

apparaissent comme un pic peu profond sous champs magnétiques supérieurs à

39 T. Cependant, à une température aussi élevée, aucune transition excitonique

supérieure ou niveau de Landau n’est observée. Fig. B.11(b) représente le dia-

gramme d’énergie à 168 K. Nous avons ajusté les données pour la transition 1s et
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Figure B.11: (a) Dérivée par rapport à l’énergie des spectres de magnéto-réflectivité

mesurés à T = 168 K. (b) Diagramme d’énergieà haute température. Les lignes

pointillées indiquent des transitions hydrogéniques.

2s. De notre travail précédent [Miyata 2015], les masses réduites de films minces

perovskite restent presque les mêmes pour la phase orthorhombique et la phase

tétragonale. Ainsi, nous supposons que la masse réduite de monocristal à la phase

tétragonale est la même qu’à basse température, µ ' 0.104m0. Avec la même

procédure d’ajustement décrite pour Fig. B.9, nous trouvons une énergie de liaison

exciton de 12±4 meV comparable à celle estimée par des expériences similaires de

magnéto-transmission à haute température sur un film mince [Miyata 2015]. La

valeur de l’énergie de liaison de l’exciton diminue de quelques meV lorsque l’on

passe de la phase orthorhombique à la phase tétragonale. Ceci est cohérent avec

le fait que la transition de phase augmente le désordre dynamique lié au mouve-

ment de rotation du cation organique, entrâınant une augmentation de la constante

diélectrique [Poglitsch 1987, Even 2014b].

Bien que le MAPbI3 reste dans la phase tétragonale, la réponse diélectrique ne

change pas, donc nous supposons que l’énergie de liaison de l’exciton reste inchangée

en phase tétragonale indépendante de la température. L’énergie thermique à la

température de la pièce est de l’ordre de 26%, ce qui est supérieur à l’énergie de

liaison de l’exciton dans le monocristal. Dans ce cas, les électrons et les trous dans

les excitons sont dissociés par l’énergie thermique à température ambiante, ce qui

suggère que les porteurs libres (plutôt que les excitons) sont dominants dans le

monocristal à température ambiante.

B.5 Mesure de magneto-transmission de CsPbX3

Dans ce travail, nous présentons les résultats d’études optiques des propriétés élec-

troniques de couches minces de CsPbX3 entièrement inorganiques, de X = Br, ou

d’un alliage des deux. La dépendance à la température des mesures d’absorption
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suggère que CsPbX3 ne subit pas de transition de phase structurelle dans la

gamme de 4 K à 270 K, ce qui contraste fortement avec les pérovskites organiques-

inorganiques. Nous avons également effectué une magnéto-transmission mesures

pour déterminer l’énergie de liaison et la masse réduite de l’exciton dans CsPbX3.

En comparant la constante diélectrique des pérovskites hybrides et entièrement in-

organiques, nous montrons que, à basse température, le criblage diélectrique est

essentiellement le même pour les matériaux hybrides et inorganiques et est princi-

palement dominé par le mouvement relatif des atomes dans la cage aux halogénures

de plomb .

B.5.1 Échantillons traitement pré-expérimental

Figure B.12: (a) - (c) Photos des échantillons recuits CsPbBr3, CsPbI2Br et CsPbI3,

respectivement.

En raison de leur stabilité limitée dans l’air à température ambiante

[Eperon 2014], les échantillons CsPbX3 ont été systématiquement recuits avant les

expériences. Le but de cette procédure de recuit est de récupérer la phase cu-

bique pérovskite pour tous les composés, car les composés CsPbX3 à phase cubique

présentent un intérêt potentiel dans les dispositifs photovoltäıques. Initialement,

CsPbI3 et CsPbI2Br sont transparents, en raison du fait qu’ils sont dans une phase

non-pérovskite et ont une bande interdite proche de la gamme UV. CsPbBr3 a une

couleur jaune, en raison du fait qu’il est dans une phase orthorhombique avec une

bande interdite dans 2,3-2,4 eV. Les températures de la transition de phase pour

ces trois composés sont différentes (comme discuté ci-dessus), ainsi, ils sont recuits

à différentes températures. CsPbI3 a été recuit à 623 K pendant 10 min. CsPbI2Br

et CsPbBr3 ont été recuits à 523 K pendant 5-7 min. La figure B.12(a-c) présente

les photos de CsPbBr3, CsPbI2Br et CsPbI3 après la procédure de recuit. Après

recuit, CsPbBr3 montre une couleur jaune suggérant une bande interdite dans la

gamme de 2,3-2,4 eV, cependant la structure cristalline de CsPbBr3 recuit est diffi-

cile à déterminer à partir de la couleur. CsPbI2Br et CsPbI3 présentent une couleur

brune suggérant une bande interdite comprise entre 1,7 et 1,9 eV. Après recuit,

les échantillons ont été immergés dans de l’hélium liquide dans un cryostat en 4

minutes.
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Figure B.13: Spectres de transmission typique de (a) l’échantillon CsPbBr3, (b)

CsPbI2Br et (c) CsPbI3 mesurés à différentes températures. Les symboles de cercle

représentent l’évolution de l’absorption de 1s avec la température. (d) Energie des

transitions 1s en fonction de la température pour les trois composés. Les lignes

pointillées noires et les lignes pleines orange dans le panneau (a) représentent les

spectres de CsPbBr3 recuits et préparés. Les cercles noirs et orange du panneau

(d) représentent les énergies des transitions 1s pour CsPbBr3 recuit et préparés.
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B.5.2 Mesure de transmission en fonction de la température

Dans la Fig. B.13, nous montrons les spectres de transmission typiques de CsPbBr3,

CsPbI2Br, CsPbI3 mesurés sur une large gamme de températures variant de

4 K à 270 K. Chaque spectre de transmission montre un minimum unique clair,

qui correspond à la 1s excitonique absorption. Le bleu minimum se déplace et

s’élargit avec l’augmentation de la température pour tous les composés. Nous

traçons l’énergie du minimum des résonances d’absorption en fonction de la tem-

pérature de la figure B.13(d). Les énergies d’absorption changent continuelle-

ment avec l’augmentation de la température. Dans les matériaux perovskites

organiques-inorganiques, la transition de phase structurale s’accompagne tou-

jours d’un changement dramatique d’énergie de bande interdite [Stoumpos 2013a,

Baikie 2013, Galkowski 2017]. Ainsi, le décalage continu de la bande interdite en

fonction de la température suggère qu’il n’y a pas de transition de phase struc-

turelle dans CsPbX3. Ce phénomène est en contraste frappant avec les perovskites

hybrides organiques-inorganiques. Dans la plage de température de 4 K-300 K,

les pérovskites hybrides organiques-inorganiques présentent une transition de phase

structurale autour de 150 K-170 K de la phase orthorhombique basse température

à la phase tétragonale haute température [Stoumpos 2013a, Baikie 2013].

B.5.3 Mesure de magnéto-transmission à basse température

Nous avons effectué une spectroscopie de magnéto-transmission à basse température

pour étudier les propriétés électroniques des composés CsPbX3, en utilisant des

techniques de champs magnétiques pulsés longs. Les résultats sont présentés et

discuté ci-dessous.

B.5.3.1 Résultats typiques et analyse des données

Nous analysons les données de magnéto-transmission pour tous les composés Cs

de la même manière que pour MAPbI3. A savoir, nous prenons l’énergie au mini-

mum de la ligne d’absorption et construisons le diagramme d’énegie pour CsPbI3,

CsPbI2Br et CsPbBr3. Les résultats typiques sont montrés sur la Fig. B.14. Les cer-

cles bleus représentent les données de mesures d’impulsions longues, tandis que les

étoiles noires représentent les données issues des mesures de Mega Gauss effectuées

par A. Miyata. Nous ajustons les données de transition excitoniques dans la plage de

basse énergie avec le modèle de l’hydrogène. Pour les données de gamme d’énergie

plus élevée, nous avons utilisé la formule correspondant à la transition inter-bande

entre le niveau de Landau dans la bande de conduction et de valence. Les lignes

orange présentent l’ajustement pour les transitions excitoniques. Les lignes grises

présentent l’ajustement pour transition interbandes entre les niveaux de Landau.

Nous mettons en évidence l’ajustement des transitions excitoniques 1s-2s en traçant

une vue élargie de la partie bas champ et basse énergie du diagramme dans les pan-

neaux en dessous du diagrame d’énergie complèt. Les valeurs de la masse effective
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Figure B.14: Les énergies de transition des excitons et des porteurs libres en fonction

du champ magnétique à 2 K pour (a) CsPbI 3, (b) CsPbI 2 Br et (a) CsPbBr 3.

Les cercles représentent les données issues de la mesure du champ de l’impulsion

longue. Les étoiles sont les données de la mesure Mega Gauss effectuée par A.

Miyata. Les lignes orange et grises sont le résultat de l’ajustement de la transition

de type hydrogène et de la transition inter-bande entre les niveaux de Landau. Les

panneaux inférieurs montrent le zoom avant de la partie basse et basse énergie du

diagramme d’éénergie.

µ et de l’énergie de liaison Ry∗ obtenues par la procédure d’ajustement pour les

trois composés sont indiquées sur chaque figure et résumées dans le tableau B.3.

Dans la figure B.15, nous montrons l’énergie de liaison et la masse réduite de

l’exciton dans les composés de césium et les composés organiques-inorganiques

en fonction de la bande interdite. Les étoiles brunes, rouges et jaunes présen-

tent les résultats pour CsPbI3, CsPbI2Br et CsPbBr3. à titre de comparaison,

nous avons ajouté les résultats des perovskites hybrides organiques-inorganiques

provenant des travaux antérieurs de notre groupe marqués comme des cer-

cles [Miyata 2015, Galkowski 2016]. Les cercles roses et violets représentent les ré-

sultats pour les pérovskites hybrides à base de FA et MA. L’évolution de l’énergie de

liaison d’excitons avec la bande interdite est ajustée avec l’équation R∗ = 0, 010Eg,

comme indiqué en trait noir sur la figure B.15. Dans la Fig B.15(b), nous obser-

vons une augmentation de la masse effective avec l’augmentation de la bande in-

terdite. Cela peut être compris dans le cadre d’un modèle k.p simple à deux ban-

des [Heo 2013]. En supposant que la masse efficace pour la valence et la bande de
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Table B.2: Paramètres déterminés à partir de l’ajustement du diagramme du ven-

tilateur énergétique pour CsPbX 3 à 2 K.

Compound Phase Eg (meV) R∗ (meV) µ (m0)

CsPbI3 cubic 1723 15± 1 0.114± 0.01

CsPbI2Br cubic 1906 22± 3 0.124± 0.02

CsPbBr3 orthorhombic 2342 33± 1 0.126± 0.01

conduction sont les mêmes, la masse réduite de l’exciton peut s’écrire comme,

Figure B.15: (a) L’énergie de liaison et (b) la masse effective en fonction de la

bande interdite. Les étoiles brunes, rouges et jaunes représentent les résultats pour

CsPbI 3, CsPbI 2 Br et CsPbBr 3. Les cercles roses et violets représentent les

résultats pour les pérovskites hybrides à base de FA et MA, provenant de notre

travail précédent [Miyata 2015, Galkowski 2016].

1

µ
=

4|P |2

m0Eg
, (B.1)

où P = 〈ΨVB|px|ΨCB〉 est l’élément de matrice de quantité de mouvement qui

couple les états des bandes de conduction et de valence. 2|p|2/m0 est l’énergie de

Kane [Makado 1986]. Les prédictions théoriques de l’énergie de Kane sont de l’ordre

de 5.3-6.3 eV pour ces matériaux [Even 2014b, Fang 2015]. L’évolution de la masse

réduite avec la bande interdite reproduit une énergie de Kane de 8,3 eV, seulement
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légèrement supérieure aux prédictions théoriques. L’écart peut provenir de la valeur

différente de la masse effective utilisée dans le modèle.

Avec la valeur de la masse effective et de l’énergie de liaison de l’exciton, la

constante diélectrique effective des matériaux peut être calculée en utilisant,

εeff =
e2

~

√
µ

2R∗y
, (B.2)

En utilisant les valeurs de la masse effective des excitons et de l’énergie de liaison

obtenues à partir du raccord, nous avons calculé les constantes diélectriques efficaces

εeff pour tous les composés, résumées dans le tableau B.3.

Table B.3: Constante diélectrique effective calculée pour CsPbX 3 à 2 K.

Compound Phase Eg (meV) εeff

CsPbI3 cubic 1723 10.0 ± 0.4

CsPbI2Br cubic 1906 8.6 ± 0.8

CsPbBr3 orthorhombic 2342 7.3 ± 0.4

Figure B.16: Constante diélectrique en fonction de la bande interdite. Les étoiles

brunes, rouges et jaunes représentent les résultats pour CsPbI3, CsPbI2Br et

CsPbBr3. Les cercles roses représentent les résultats pour les pérovskites hybrides

à base de FA, tandis que les cercles violets représentent les résultats pour les

pérovskites hybrides à base de MA.

Dans la Fig. B.16, nous avons comparé la constante diélectrique effective pour

les pérovskites à base de césium (étoiles) avec les pérovskites hybrides organiques-

inorganiques (cercles) mesurées à 2 K. Pour comprendre les résultats, nous re-

groupons d’abord les données de la même manière que les points de données d’un

même groupe ont le même halogénure et différents cation A (MA, FA, Cs). Les

lignes pointillées bleues indiquent la valeur moyenne de la constante diélectrique

dans chaque groupe. Il ressort des résultats que la constante diélectrique ne change
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pas plus que l’erreur expérimentale pour une cage donnée en halogénure de plomb,

quel que soit le cation. Il a été suggéré que les contributions principales au criblage

diélectrique sont dues aux modes d’étirement Pb-X et aux modes de basculement

Pb-X-Pb [Pérez-Osorio 2015, Sendner 2016]. Ceci est cohérent avec ce qui est ob-

servé sur la Fig. B.16. A basse température, lorsque le mouvement des cations

organiques est gelé, le mécanisme diélectrique est essentiellement le même pour les

perovksites hybrides et inorganiques et est principalement dominé par le mouvement

relatif des atomes dans la cage aux halogénures de plomb.
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Christèle Vilar, Guillaume Bouchez, Vincent LR Jacques, Antonio Tejeda,
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Nobuya Sakai, Lars Korte, Bernd Rechet al. A mixed-cation lead mixed-

halide perovskite absorber for tandem solar cells. Science, vol. 351, no. 6269,

pages 151–155, 2016. (Cited on pages 21, 67 and 85.)

[Megaw 1945] Helen D Megaw. Crystal structure of barium titanate. Nature,

vol. 155, no. 3938, pages 484–485, 1945. (Cited on pages 1 and 83.)

[Miller 1994] JR Miller, MD Bird, S Bole, A Bonito-Oliva, Y Eyssa, WJ Kenney,

TA Painter, H-J Schneider-Muntau, LT Summers, SW Van Sciveret al. An

overview of the 45-T hybrid magnet system for the new National High Mag-

netic Field Laboratory. IEEE Transactions on Magnetics, vol. 30, no. 4,

pages 1563–1571, 1994. (Cited on page 29.)

[Miyata 2015] Atsuhiko Miyata, Anatolie Mitioglu, Paulina Plochocka, Oliver Por-

tugall, Jacob Tse-Wei Wang, Samuel D Stranks, Henry J Snaith and Robin J

Nicholas. Direct measurement of the exciton binding energy and effective

masses for charge carriers in organic-inorganic tri-halide perovskites. Na-

ture Physics, vol. 11, no. 7, pages 582–587, 2015. (Cited on pages 8, 49, 57,

60, 64, 74, 75, 95, 99 and 100.)

[Motta 2015] Carlo Motta, Fedwa El-Mellouhi, Sabre Kais, Nouar Tabet, Fahhad

Alharbi and Stefano Sanvito. Revealing the role of organic cations in hybrid

halide perovskite CH3NH3PbI3. Nature communications, vol. 6, page 7026,

2015. (Cited on page 7.)

[Nayak 2016] Pabitra K Nayak, David T Moore, Bernard Wenger, Simantini Nayak,

Amir A Haghighirad, Adam Fineberg, Nakita K Noel, Obadiah G Reid,

Garry Rumbles, Philipp Kukuraet al. Mechanism for rapid growth of

organic–inorganic halide perovskite crystals. Nature communications, vol. 7,

page 13303, 2016. (Cited on page 56.)



112 Bibliography

[Niesner 2016] Daniel Niesner, Max Wilhelm, Ievgen Levchuk, Andres Osvet,

Shreetu Shrestha, Miroslaw Batentschuk, Christoph Brabec and Thomas

Fauster. Giant Rashba Splitting in CH3NH3 PbBr3 Organic-Inorganic Per-

ovskite. Physical review letters, vol. 117, no. 12, page 126401, 2016. (Cited

on page 15.)

[Niezgoda 2017] J Scott Niezgoda, Benjamin J Foley, Alexander Z Chen and

Joshua J Choi. Improved Charge Collection in Highly Efficient CsPbBrI2

Solar Cells with Light-Induced Dealloying. ACS Energy Letters, vol. 2, no. 5,

pages 1043–1049, 2017. (Cited on page 68.)

[Noel 2014] Nakita K Noel, Samuel D Stranks, Antonio Abate, Christian Wehren-

fennig, Simone Guarnera, Amir-Abbas Haghighirad, Aditya Sadhanala,

Giles E Eperon, Sandeep K Pathak, Michael B Johnstonet al. Lead-free

organic–inorganic tin halide perovskites for photovoltaic applications. En-

ergy & Environmental Science, vol. 7, no. 9, pages 3061–3068, 2014. (Cited

on page 5.)

[Noh 2013] Jun Hong Noh, Sang Hyuk Im, Jin Hyuck Heo, Tarak N Mandal

and Sang Il Seok. Chemical management for colorful, efficient, and stable

inorganic–organic hybrid nanostructured solar cells. Nano letters, vol. 13,

no. 4, pages 1764–1769, 2013. (Cited on page 4.)

[Oku 2015] Takeo Oku. Crystal structures of CH3NH3PbI3 and related perovskite

compounds used for solar cells. In Solar Cells-New Approaches and Reviews.

InTech, 2015. (Cited on page 7.)

[Onoda-Yamamuro 1992] Noriko Onoda-Yamamuro, Takasuke Matsuo and Hiroshi

Suga. Dielectric study of CH3NH3PbX3 (X= Cl, Br, I). Journal of Physics

and Chemistry of Solids, vol. 53, no. 7, pages 935–939, 1992. (Cited on

page 8.)

[Papavassiliou 1994] George C Papavassiliou, IB Koutselas, A Terzis and M-H

Whangbo. Structural and electronic properties of the natural quantum-well

system (C6H5CH2CH2NH3)2SnI4. Solid state communications, vol. 91, no. 9,

pages 695–698, 1994. (Cited on page 13.)

[Pelant 2012] Ivan Pelant and Jan Valenta. Luminescence spectroscopy of semicon-

ductors. Oxford University Press, 2012. (Cited on pages 23 and 24.)

[Pellet 2014] Norman Pellet, Peng Gao, Giuliano Gregori, Tae-Youl Yang, Moham-

mad K Nazeeruddin, Joachim Maier and Michael Grätzel. Mixed-organic-

cation Perovskite photovoltaics for enhanced solar-light harvesting. Ange-

wandte Chemie International Edition, vol. 53, no. 12, pages 3151–3157, 2014.

(Cited on pages 6 and 20.)



Bibliography 113
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