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Introduction

The innovation of advanced technology and the requirement of electronic market are

always focusing on low cost electronics, easy processing, having enhanced performance.

Take as an example the improvement of �at panel display. It has experienced three

periods: CRT (Cathode Ray Tube), LCD (Liquid Crystal Display) and OLED (Organic

Electronic-luminescence Display). CRT has been replaced by LCD and OLED because

the depth and weight of CRTs are not appropriate for portable applications. The organic

materials are more and more widely used due to their various advantages: low temper-

ature processing, �exibility of organic chemistry to form molecules, good luminescent

properties. However, organic compounds generally have a number of disadvantages, in-

cluding poor thermal and mechanical stability, as well as a limited mobility at room

temperature.

Besides the inorganic semiconductors and the organic materials, an interesting class

of materials is intensively studied: the hybrid materials, which are expected to com-

bine the attractive features of organic materials and inorganic materials within a single

molecular-scale composite, and can be synergistically exploited to overcome the limi-

tations when the two kinds of materials are used separately. In the past two decades,

the organic-inorganic hybrid perovskites have arisen as a new functional material and

have drawn great attention and research e�ort. When deposited by spin-costing, these

compounds are self-assembled systems, they form a multi-quantum well structure spon-

taneously and exhibit excellent optical and electronic properties at room temperature.

Their optical properties can be �nely tuned thanks to molecular enginering on the organic

part or on the inroganic part. Furthermore, spin-coating is a very simple method, com-

pared to the deposition techniques for inorganic semiconductors, such as MBE (Molec-

ular Beam Epitaxy), MOCVD (Metalorganic Chemical Vapor Deposition) and PECVD

(Plasma Enhanced Chemical Vapour Deposition).

Recently, organic-inorganic hybrid perovskites have been used in many research and

practical �elds such as surface plasmons,Symonds et al.(2007, 2008) LEDs, Era et al.

(1994) solar cellsKojima et al. (2009); Li et al. (2010); Koutselas et al. (2011) as well

as microcavities. Bréhier et al. (2006); Lanty et al. (2008b); Wei et al. (2012) Especially

the use of this hybrid semiconductor inside microcavities could open the way to realize

xxiii
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polariton laser at room temperature. The team "Optical Properties of Hybrid Nanos-

tructures" of LPQM ENS Cachan has successfully realized microcavities containing two-

dimensional layered organic-inorganic perovskites, working in the strong coupling regime

at room temperature, and emitting in the green, blue and mear UV range. Additionally,

some hybrid vertical microcavities containing a layer of inorganic semiconductors such

as GaN or ZnO and a perovskite layer have been performed, and the strong coupling

regime between the photon mode and the two excitons has been demonstrated at room

temperature. Although perovskites show stronger excitonic properties and brighter lu-

minescence than inorganic semiconductors, and stronger thermal- and photo-stability

than most organic semiconductors, it is still quite urgent to work on optical optimization

of perovskite layers, especially the long time photo-stability, in order to support higher

requirements of technological and scienti�c applications.

These important issues bring about the research subject of this thesis. The objec-

tives are to synthesize, characterize and optimize new functionalized organic-inorganic

hybrid perovskites for the application of microcavities, and further scienti�c and practical

requirements. In this manuscript, we focus our attention on the group of two-dimensional

(2D) layered lead halide perovskites and emphatically make research e�orts in several

aspects:

� Improvement of optical properties

� Study on photostability

� Application of perovskite layers in microcavities

Thus, this manuscript is developed in �ve chapters as follows:

In Chapter 1, we talk about the general organic-inorganic hybrid materials and

introduce the chemical composition and crystal structure of perovskites compounds. We

present the particular optical and electronic properties of two-dimensional perovskites

which will be mainly studied in this manuscript. We also present the possible deposition

techniques for preparing 2D layered perovskites crystals. As a promising opto-electronic

material, some examples of devices realized with perovskites are given in the last part of

chapter.

Chapter 2 presents the experimental methods we use to characterize the struc-

tural and optical properties of perovskites. Besides, we detail the synthesis process of

perovskites compounds, and di�erent methods of fabrication which allow to obtain per-

ovskites in various crystal forms: 2D layered �lms, bulks, and nanoparticles.

Chapter 3 presents the high �exibility regarding optical properties of 2D layered

perovskites such as (R-NH3)2PbX4 and (NH3-R-NH3)PbX 4, where R is an organic am-

monium cation and X is an halide ion. We systematically modify the organic cations by
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changing the chemical structure of R group, and �nd that "spatial encumbrance" of R is

a crutial factor which greatly a�ects the �lmability and the photoluminescence e�ciency.

Moreover, we prepare some mixed perovskites: mixing in the organic part and mixing in

the inorganic part, and study the optical properties of the excitons in such systems. We

show that it is possible to tune easily and continously the excitonic transitions energies

from 520 nm to 340 nm.

In Chapter 4 , the photo-stability of perovskites is studied. From the experimental

results, some important factors which cause the degradation of perovskites under laser

illumination are discussed and summarized. We synthesize a group of �uorinated per-

ovskites and develop the layer deposition by including perovskite crystals in a polymer

(PMMA) matrix. We show that a great improvement of the photo-stability is achieved

in this new material.

Finally, Chapter 5 is devoted to microcavities containing organic-inorganic per-

ovskites. After introducing some basic knowledge about planar microcavities, the proto-

col of fabrication and experimental characterization methods are described. A�-cavity

containing �uorinated perovskite crystals included in a polymer (PPMA) matrix is pro-

duced, and the strong coupling regime at room temperature is evidenced.





Chapter 1

Hybrid organic-inorganic

semiconductors

In the �rst chapter, we will discuss a new kind of semiconductor for optoelectronics:

2D layered organic-inorganic hybrid perovskites. First, we will talk about the general

properties of some organic-inorganic hybrid materials, speci�cally focusing our attention

on the hybrid perovskites semiconductors. Di�erent deposition methods will be brie�y

described. Finally, some applications of perovskites in optoelectronic devices will be

introduced.

1.1 Organic-inorganic hybrid materials

For the past sixty years, the electronic industry is mainly built on the basis of tra-

ditional inorganic semiconductors, such as silicon and gallium arsenide semiconductors,

silicon dioxide insulators, and metals such as aluminum and copper. These inorganic

materials, typically characterized by covalent and ionic interactions, o�er the potential

for high electrical mobility, a wide range of band gaps (enabling the design of insula-

tors, semiconductors, metals, and superconductors), interesting magnetic interactions,

a range of dielectric properties, substantial mechanical hardness, and thermal stabil-

ity and are backbone of electronic �eld. Mitzi (1999b) Parallelly and more recently,

a lot of progress has been made in producing devices based on organic materials such

as OLEDs and OFETs because organic materials are less expensive alternatives to inor-

ganic counterparts, present convenient processing as well as �ne light emitting properties.

Generally, organic-inorganic hybrid research focuses on employing the range of interac-

tions found within organic and inorganic chemistry to create a composite combining

the desirable properties of both the organic and the inorganic materials and overcoming

their limitations when used separately. It is believed that combinations of organic and

1
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inorganic materials could lead to new exploration in both physical e�ects and techno-

logical applications. Mitzi et al. (2001b); Agranovich (2011) An example of success is

the organic-inorganic hybrid optoelectronic material realized by J. TakadaTakada et al.

(1992). They fabricated a heteromultilayer consisting of alternating amorphous organic

layers of copper phthalocyanine (CuPc) and inorganic TiOx , with an arti�cial period

greater than 40 Å. This hybrid multilayer shows enhanced performance in photoconduc-

tivity which is found to be 40 times higher than that of an organic CuPc single layer. The

CuPc layers have an energy gap of approximately 2.0 eV and absorb light in the visible

region to generate electrons and holes. The TiOx layers have a large energy gap and

therefore exhibit no photoconductive sensitivity over most of the visible spectrum, but,

they have a larger electron a�nity and a substantially larger mobility. The combination

of the two speci�c layers enables the electrons generated in the CuPc layers to transfer

to the TiO x layers, the photoconductivity is thus greatly enhanced.

In the studies of organic-inorganic hybrid perovskites, the research group of David

B. Mitzi has done a lot of remarkable contributions to this �eld. Their work concerns

structure studies, deposition techniques, optical properties, and development of opto-

electronic devices... Mitzi (2001a); Mitzi et al. (1999); Mitzi and Liang (1997); Mitzi

(2001b); Mitzi et al. (2001a); Mitzi (1996); Mitzi et al. (2002); Mitzi (1999a) Their pre-

vious results have provided a fruitful source of references for other researchers and have

been an important basis for our work.

1.1.1 Organic-inorganic hybrid perovskites

1.1.1.1 Composition and spatial structure

The name of "perovskites" comes from a kind of mine: calcium titanate (CaTiO3)

which was discovered by a German mineralogist Gustav Rose in 1839. He gave the name

"perovskites" in honor of a Russian mineralogist Lev Alekseevich von Perovski(1792-

1856).

The basic structure of the organic-inorganic perovskites family is AMX3. It consists

of corner-sharing MX4�
6 octahedra, where X is typically an anion: O2� , CI � , Br � or

S2� , and the M atom is generally a divalent metal that can adopt an octahedral anion

coordination, such as Ge2+ , Sn2+ , Pb2+ , Co2+ , Fe2+ , Cu2+ , Ni2+ , Mn2+ , Cr2+ , Pd2+ ,

Cd2+ , Eu2+ , or Yb2+ ; Papavassiliou et al. (1999); Papavassiliou and Koutselas(1995);

Papavassiliou(1997); Mitzi et al. (2001b); Ishihara et al. (1990) this family has recently

been extended to include some trivalent metals such as Bi3+ and Sb3+ . Mitzi (2000)

The A cations �ll the large 12-fold coordinated holes between the octahedra, as shown

in Figure 1.1.

Based on the geometric constraints imposed by a rigid sphere model, the size of A

cation in�uences a lot the perovskites structures. Here we de�ne t as the tolerance factor
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Figure 1.1: (a) Basic AMX 3 perovskite structure. (b) Sketch of a perovskite unit cell
seen in three dimension(3D).

which satis�es the relation:

(RA + RX ) = t
p

2(RM + RX ); (1.1)

where RA , RM , and RX are the corresponding ionic radii of A, M and X ions. We

suppose the values of RA + R X and RM + R X are approximately the distances A-X and

M-X respectively. For a perfectly packed cubic perovskite structure, t is equal to 1. If

the tolerance factor t > 1, the structure tends to distort towards a tetragonal structure;

if tolerance factor t < 1, there is a tendency to distort towards buckling of octahedra.

3-dimensional networks:

Although the t value is theoretically regarded to be 1 for perfect 3D perovskite

networks, it is empirically found that 0.8 < t < 0.9 for most cubic perovskite structures.

We take the system with M = Pb and X = I for example, the ionic radii R pb = 1.19 Å

and RI = 2.20 Å , and using t =1, we �nd that R A should not exceed approximately

2.6 Å. Considering that C-C or C-N bond lengths are of the order of 1.4 Å, only very

small organic molecules, consisting of two or three atoms (excluding hydrogens), could

�t into the structure. An example is the typical 3-dimensional perovskite compound

CH3NH3PbX3, which has one C atom and one N atom in its organic cation: the cubic

lattice constants are found to be a = 5.657(2) Å (X = Cl), a = 5.901(1) Å (X = Br),

and a = 6.3285(4) Å (X = I). Poglitsch and Weber(1987); Knop et al. (1990)

2-dimensional networks:

Besides the 3D network mentioned above, 2-dimensional network is also a quite

common structure for organic-inorganic hybrid perovskites. It happens when the group

A is too large to �t into the space provided by the nearest-neighbors X within the

inorganic sheet, the organic group A then causes distortion of cubic structure and in this

situation the tolerance factor t is much larger than 1. In such cases, the organic group
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needs to be held away from the inorganic sheets by a spacer, such as an alkyl chain, in

order to grow 2D perovskites layered structures.

The 2D layered perovskites systems include two typical groups of compounds: (R-

NH3)2MX 4 and (NH3-R-NH3)MX 4, where R is an aliphatic or aromatic ammonium

cation, M is a divalent metal that can adopt an octahedral coordination, and X is a

halogen: Cl, Br or I. In (R-NH 3)2MX 4 systems shown in Figure1.2(a), the perovskites

! "a ! "b

Figure 1.2: 2D-layered perovskites with (a) organic monoammonium cations and (b)
diammonium cations. Mitzi (1999b)

consist of single layers of oriented inorganic sheets separated by bilayers of organic am-

monium cations, where the organic groups R self-assemble via "�- � " interaction (when

the organic group contains aromatic groups) or through Van der Waals force (when the

organic group contains alkyl chains). In (NH3-R-NH3)MX 4 systems, shown in Figure

1.2(b), the organic cations make hydrogen bonds with the inorganic sheets at both ends

rather than only at one end, thereby weakening the Van der Waals interaction between

the layers. The inorganic sheets connect to organic sheets by hydrogen bonding, provided

by the N-H� � � X interactions between the ammonium heads of the R-NH3+ or + NH3-

R-NH3
+ cations and two bridging halogens and one terminal halogen (bridging halogen

con�guration) or to two terminal halogens and one bridging halogen (terminal halogen

con�guration), Mitzi (1999b) as shown in Figure1.3 for a (R-NH3)2MX 4 system.

Contrary to the 3D perovskite structure AMX 3, where the organic cation A must �t

into a rigidly de�ned hole, in the 2D layered systems the distance between the inorganic

sheets can vary with the length of the organic cation. Consequently, larger and more

complex functional organic cations R can be incorporated, which surely enlarges the
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Figure 1.3: Sketch of 2D organic-inorganic lead halide semiconductors (R-NH3)2MX 4.
The R-NH+

3 head binds to the inorganic sheet by two terminal halogens and one bridging
halogen.

research �eld and leads to more interesting and diverse properties. The 2D organic-

inorganic hybrid perovskites are thus the subject we intensively study in this thesis.

1.1.1.2 Electronic structure of 2D layered perovskites

The structure of the 2D layered perovskites consists of an alternation of inorganic

layers around 0.6 nm thick and of organic layers around 1 nm thick. This unique con-

�guration provides interesting and potentially useful physical properties. Generally, the

HOMO-LUMO (Highest Occupied Molecular Orbital and Lowest Unoccupied Molecular

Orbital) energy gap of the organic layers is higher than the band gap of the inorganic

layers (at least by 3 eV). Tanaka et al. (2002) The organic ammonium groups form a

layer with a low relative dielectric constant of about 2.4 while the metal halide layers

possess a high relative dielectric constant of about 6.1.Hong et al. (1992) These two

kinds of layers play as barriers and wells alternating with each other, inorganic layers are

wells and the organic layers are barriers for the carriers. The electronic structure of 2D

layered organic-inorganic perovskites can thus be regarded as a self-organized multiple-

quantum-well structure, consisting of organic barriers and inorganic wells, as shown in

Figure 1.4.

For the mostly used 2D layered (R-NH3)2MX 4 perovskites, the organic barrier is op-

tically inert and the optical transition energy is mainly decided by the band gap of wells

(inorganic sheets). The width of the wells is mainly controlled by the M-X bond length,

their depth is controlled by M and X species, and the width of the barrier is controlled by

the organic radical R. It is thus possible to tune the sharp resonant emission wavelength



6 Chapter 1 Hybrid organic-inorganic semiconductors

EH-LEg

Figure 1.4: Schematic electronic structure of 2D layered organic-inorganic perovskites.
The thickness of inorganic and organic layers are around 0.6 nm and 1 nm respectively.
The HOMO-LUMO energy gap EH �L of organic barriers is larger than the energy gap

of inorganic wells Eg. Mitzi et al. (2001b)

in a large range from 320 to 800 nm by substituting di�erent organic parts R, metal

cations M or halides X.Papavassiliou and Koutselas(1995); Mitzi (1999b). For example,

the perovskites containing Ge and Sn emit in the infrared range, perovskites containing

Pb emit in the visible range. Figure 1.5(A) shows the e�ect, on the luminescent proper-

ties, of varying M from germanium(II) to lead(II) in IVB group. The organic amine is

C4H9NH2. For (C4H9NH3)2PbI4, the luminescence spectrum consists of a strong peak

with a primary maximum at 525 nm and a Full Width at Half-Maximum (FWHM) of

approximately 22 nm, while the tin(II) compound shows a signi�cant red-shift, peaking

at 625 nm with a larger FWHM of 38 nm. The spectrum of (C4H9NH3)2GeI4 shows a

signi�cantly smaller peak intensity, a much larger FWHM ( = 180 nm), and a further

red shift, with a peak centered around 690 nm. The photoluminescence spectra show the

luminescence peak intensity qualitatively decreasing in the order M= Pb(II) > Sn(II) >

Ge(II), while the peak width increases and the peak shifts towards longer wavelength.

Figure 1.5(B) presents the case for which the organic group and M are �xed as

C4H9NH2 and Pb respectively, while the halogen atom changes from I to Br or Cl.

Absorption spectra show that the band gap increases from I to Cl. This change in the

electronic transition energy, which is directly related to the halogen species, indicates that

the valence band of the underlying electronic structure corresponds to a hybridization of

metal and halogen states.
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(A) (B)

Figure 1.5: (A)Photoluminescence spectra for (C4H9- NH3)2MI 4 crystals with (a) M
= Ge, (b) M = Sn, and (c) M = Pb, demonstrating a shift in the photoluminescence
peak as a function of group IVB element. Intensities for the M = Ge and Sn spectra
have been multiplied by 10 to enable a more convenient comparison with the M =
Pb spectrum. The photoluminescence spectra were excited by 457.9 nm light from an
argon ion laser. Mitzi (1996) (B) Room-temperature UV-vis absorption spectra for thin
�lms of (C 4H9NH3)2PbX4 with (a) X = Cl, (b) X = Br, (c) X = I. In each spectrum,
the arrow indicates the position of the exciton absorption peak (with the wavelength in
parentheses). In (c), the corresponding photoluminescence (PL) spectrum (� ex = 370
nm) is indicated by the dashed curve. Note the small (�15 nm) Stokes shift between

the absorption and emission peaks for the excitonic transition.

1.1.1.3 Excitonic e�ects

An exciton is a bound pair of an electron in conduction band (LUMO band) and a

hole in valence band (HOMO band). The exciton, existing in semiconductors or insu-

lators, is created after absorbing a photon by interband transition and the electron and

hole attract each other by Coulomb interaction. There are two basic types of excitons:

Wannier-Mott excitons, which are also called free excitons; and Frenkel excitons,

which are also called tightly bound excitons.

The Wannier-Mott excitons are generally observed in inorganic semiconductors, in

which the dielectric constant is relatively large. Consequently the electric �eld screening

tends to reduce the Coulomb interaction between electrons and holes. As a result, the

Wannier-Mott type excitons have a large Bohr radius that encompasses many atoms, and

they are delocalized states that can move freely throughout the crystal, as illustrated in

Figure 1.6(a), hence they get the other name of "free" excitons. The binding energyEb

is usually small, and the Bohr radius aB large: Eb and aB are of the order of 5 meV -100

Å in GaAs, 10 meV - 70 Å in CdTe, 30 meV -30 Å in GaN, 60 meV - 10 Å in ZnO.
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Figure 1.6: Schematic diagram of: (a) a free exciton, called Wannier-Mott exciton,
and (b) a tightly bound exciton, called Frenkel exciton. Fox (2001)

By contrast, the Frenkel excitons have a much smaller Bohr radius which is compa-

rable to the size of the unit cell, as shown in1.6(b). This makes them localized states

which are tightly bound to speci�c atoms or molecules; hence they are given the name of

"tightly bound" excitons. Tightly bound excitons possess larger binding energy, on the

order of 100 meV to 1000 meV, and are much less mobile than free excitons. They have

to move through the crystal by hopping from one atom site to another.Fox (2001)

In our perovskites structures, because of the organic barriers, the excitons are con-

�ned in inorganic sheets. Because of the quantum con�nement e�ect in the very thin

inorganic layers (a fraction of nm), Coulomb interaction between an electron and a hole is

strongly enhanced in such kind of molecules. Additionally, by virtue of the high contrast

in dielectric constants between the organic layers and the PbX2�
4 layers, the Coulomb

interaction in the well is hardly screened by the presence of the barrier. Therefore, in

2D layered perovskites, the interaction between an electron and a hole is strengthened

resulting in very large binding energies of several hundreds of meV (300-400 meV for

(C6H5CH2CH4NH3)2PbI4) and small Bohr radii aB of the order of the Angstroem (1.7

Å for (C 6H5CH2CH4NH3)2PbI4). Ishihara et al. (1992); Hong et al. (1992); Gauthron

et al. (2010) . The exciton binding energy depends on the nature of the metal cation: It

has been established, for example, in the related (C6H5CH2CH4NH3)2MI 4 system, that

the exciton binding energy decreases from > 230 meV for M = Pb to 160 - 190 meV for

M = Sn.

In this thesis, we will focus our attention on the Pb based perovskites group which

has superior optical properties.
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1.2 Deposition technique

The deposition technique is a quite important issue for perovskites studies, because

many scienti�c researches and potential applications involving the organic-inorganic hy-

brids greatly depend on the availability of simple and reliable thin �lm fabrication tech-

niques. However, deposition of hybrid materials often faces some challenges. A �rst one

is to �nd an appropriate solvent to adapt the solution based deposition method, because

di�erent physical and chemical character of the organic and inorganic components, and

also, adverse wetting characteristics of some substrates, make deposition inhomogeneous.

Another di�culty is the decomposition or dissociation of the organic component which

limits the thermal related methods to a relatively low temperature range (typically below

300 oC). Despite these di�culties, there are still a number of important opportunities

for thin �lm deposition or crystal growth of organic-inorganic hybrids perovskites, such

as two-step dipping technique, spin coating, stamping, Langmuir-Blodgett (LB), two-

source thermal evaporation, solution evaporation and so on, which make possible the

applications of perovskites as organic-inorganic electronic or photonic devices. Here we

brie�y introduce several simple deposition techniques in following paragraphs.

1.2.1 Two-step dip-processing

In this method, a metal halide �lm is previously deposited by vacuum evaporation

or solution deposition, this �lm is then dipped into a solution containing the organic

cation. The solvent for the dipping solution is selected so that the organic salt is soluble

in it, but the starting metal halide and the �nal organic-inorganic hybrid are not soluble.

In this case, the organic cations in solution intercalate into and rapidly react with the

metal halide on the substrate and form a crystalline �lm of the desired hybrid, as it is

described in Figure1.7.

For the perovskite family, (R-NH3)2(CH3NH3)n�1 MnI 3n+1 (R = butyl or phenethyl;

M = Pb or Sn; n = 1 or 2), toluene/2-propanol mixture is a suitable solvent for the

organic salt. The dipping times are relatively short: several seconds to several minutes,

depending on the system. For example, a �lm of (C4H9NH3)2PbI4 was formed from a

vacuum deposited �lm of PbI2 (See Figure1.7(a)) by dipping it into a butylammonium

iodide solution, the dipping time for the reaction was 1-3 min, which depends on the

thickness of the PbI2 �lm (2000-3000 Å). After dipping, the �lms were immediately

immersed in a rinse solution of the same solvent ratio as the initial dipping solution

(but with no organic salt) and dried in vacuum. As seen in Figure1.7(b), the resulting

�lms exhibit the characteristic XRD (0 0 l) re�ections of the organic-inorganic perovskite

(and sometimes weak o�-axis re�ections), as well as the characteristic photoluminescence

spectrum (Figure 1.7(c)) of the (C4H9NH3)2PbI4 perovskite.
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Figure 1.7: Schematic representation of the two-step dipping technique. In (a), a
�lm of the metal halide (in this case PbI 2) is deposited onto a substrate using vacuum
evaporation, yielding an ordered �lm with the characteristic X-ray pattern. The metal
halide �lm is then (b) dipped into a solution containing the organic cation (in this case
C4H9NH3

+ ). The solvent (e.g., a mixture of 2-propanol and toluene) should be a good
solvent for the organic cation but not for the metal halide or the resulting hybrid. The
resulting �lm after dipping has the characteristic X-ray pattern of the hybrid perovskite,
as well as (c) the characteristic room temperature photoluminescence spectrum of the

. Mitzi (2001b)

Two-step dip-processing is a convenient method which can be used for a variety of

organics and inorganics, even if they have incompatible solubility characteristics.Mitzi

(2001b)
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1.2.2 Thermal evaporation technique

The thermal evaporation method was �rstly used by M. Era et al in 1997. They

performed the dual-source vapor deposition by using lead iodide PbI2 and organic ammo-

nium iodide RNH3I, in particular, the 2-phenylethylammonium iodide C6H5C2H4NH3I

(PhEI). Era et al. (1997)

As it is shown in Figure 1.8(a), PbI2 and PhEI were evaporated and deposited

simultaneously on fused quartz substrates under a pressure of about 10�6 Torr. The de-

position rate and the deposited amount were monitored with a quartz oscillator balance.

Figure 1.8(b) shows the absorption spectrum of the vacuum-deposited �lm. The depo-

(a) (b)

Figure 1.8: (a) Schematic representation of the structure of layered perovskites
(RNH 3)2PbI4 and preparation process of layered perovskites using the dual-source va-
por deposition. (b) The absorption spectrum of the co-deposited �lm of PbI2 and
phenethylammonium iodide. The absorption spectra of the spin-coated �lm and the
crystal of the layered perovskite with phenethylammonium layer are also shown.Era

et al. (1997)

sition rates of PbI2 and PhEI were adjusted to be 7.1 and 21 ng cm�2 s�1 , respectively.

The total amount deposited was 11.4�g cm �2 . In the preparation, the substrates were

allowed to stand at room temperature. The crucible temperatures of PbI2 and PhEI were

about 570 K and about 520 K, respectively. The spectrum of the vacuum deposited �lm

corresponds well to those of single crystal and spin-coated �lms of the layered perovskite

(C6H5C2H4NH3)2PbI4. A strong exciton absorption is observed at 2.42 eV and a sharp

exciton emission peak at 2.37 eV. Appearance of the strong exciton absorption and sharp

exciton emission proves that the layered perovskite structure is organized in the vacuum

deposited �lm. Era et al. (1997)

The bene�ts of this technique are that it is possible to precisely control the thickness

and smoothness of the thin-�lm surfaces. However, this method has some disadvantage.

It is often di�cult to balance the organic and inorganic rates, an important criterion

for achieving the correct compositions of the resulting perovskite �lms. Besides, the

preparation of various perovskites using di�erent organic components is expected to be
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limited because each organic component easily contaminates the inside of the evaporation

equipment. In addition, in some cases, the organic salt might not be thermally stable

up to the temperatures required for evaporation, making this approach impractical for a

certain number of systems.

Recently, another method was developed to deposite perovskites thin �lms by using

a single evaporation source. Mitzi et al. (1999) The apparatus for this single source

thermal ablation (SSTA) technique consists of a vacuum chamber, with an electrical

feed-through to a thin tantalum sheet heater, as shown in Figure1.9. The starting

charge is deposited on the heater in the form of crystals, powder, or a concentrated

solution (which is allowed to dry before ablating). Insoluble powders are ideally placed

on the heater in the form of a suspension (in a quick-drying solvent), because this enables

the powder to be in better physical and thermal contact with, as well as more evenly

dispersed across, the sheet. After establishing a suitable vacuum, a large current is passed

through the heater. While the sheet temperature reaches approximately 1000oC in 1-2

s, the entire starting charge ablates from the heater surface well before it incandesces.

The organic and inorganic components reassemble on the substrates (positioned above

the tantalum sheet) after ablation to produce optically clear �lms of the desired product.

The key aspect to this process is that the ablation is quick enough for the organic and

inorganic components to leave the source at essentially the same time and before the

organic component has had a chance to decompose. In many cases (especially with

relatively simple organic cations), the as-deposited �lms are single phase and crystalline,

indicating that the organic-inorganic hybrids can reassemble on the substrate at room

temperature.

Figure 1.9: Schematic cross section of a single source thermal ablation chamber.Mitzi
et al. (1999)
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1.2.3 Spin-coating technique

Spin-coating is a very convenient technique widely applied to thin �lm deposition. It

can be considered as a special case of solution crystal growth, which allows the formation

of highly oriented layered perovskites on a substrate, while the solvent is evaporating o�.

Spin-coating enables deposition of hybrid perovskites on various substrates, including

glass, quartz, plastic, sapphire, and silicon. The relevant parameters for this technique

include the choice of the substrate, the solvent, the concentration of the hybrid in the

solvent, the substrate temperature, and the spin speed. In some cases, pretreating the

substrate surface with an appropriate adhesion promoter improves the wetting properties

of the solution on the desired substrate. In addition, postdeposition low-temperature an-

nealing (T < 250oC) of the hybrid �lms is sometimes employed to improve crystallinity

and phase purity. Mitzi et al. (2001b) Comparing with the traditional deposition tech-

nique for inorganic semiconductors, spin-coating method doesn't require cumbersome

equipments while it gives high-quality �lms in quite short time (several minutes) in

room environment. Therefore, in our study, we will adopt this method for all �lm sam-

ple depositions.

1.3 Applications in opto-electronic devices

The electronic structure of organic-inorganic perovskites brings a lot of interesting

optical properties. These properties can be modulated to meet up the requirement of

new technical and scienti�c studies just by modifying a single atom element or organic

molecular union at the nanometer length scale. Recently, these organic-inorganic per-

ovskites compounds have been applied to many �elds such as energy transfer systems,

Ema et al. (2008) electronic devices,Era et al. (1994); Chondroudis and Mitzi (1999);

Kagan et al. (1999); Koutselas et al.(2011); Im et al. (2011) nonlinear phenomena study,

Calabrese et al.(1991) as well as strong coupling with cavity photons or surface plasma.

Bréhier et al. (2006); Lanty et al. (2008b); Symonds et al.(2007, 2008)

The interesting optical and electrical properties of organic-inorganic perovskites,

along with the low cost processing make them strong potential candidates to be applied

to optoelectronic devices, such as OILEDs, solar cellsKojima et al. (2009); Li et al.

(2010); Koutselas et al. (2011) and solid organic lasers. Among all the applications, we

choose several examples presented in the following paragraphs.

1.3.1 Electroluminescence

It has been reported by M. Era et al. that a thin �lm heterostructure electrolu-

minescent (EL) device was fabricated by employing (C6H5C2H4NH3)2PbI4 (PEPI) as
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the active light emitting component. Era et al. (1994) This device was designed with

the architecture of standard OLEDs, it was the �rst organic-inorganic electrolumines-

cent device (OILED). Figure 1.10(a) presents the device structure. It consists of an

(c)

Figure 1.10: Device structure of an organic-inorganic heterostructure EL device us-
ing a PEPI spin-coated �lm (a) and molecular structure of an oxadiazole derivative
OXD7 (in the scheme (a), PAPI states for PEPI) (b). Electroluminescence spectrum
of an organic-inorganic heterostructure device using a PEPI spin-coated �lm at liquid-
nitrogen temperature (c). The dotted line shows photoluminescence spectrum of a

PEPI spin-coated �lm. Era et al. (1994)

indium-tin-oxid (ITO) anode, a PEPI emitter, an electron transport layer of an oxadi-

azole derivative (OXD7) and an MgAg cathode. In Figure1.10(c), the EL spectrum of

the device corresponded well to the photoluminescence spectrum of the PEPI �lm; the

emission was peaking at 520 nm and half-width of the emission was about 10 nm at

liquid-nitrogen temperature. Intense EL of more than 10 000 cd m�2 was obtained at 2

A cm�2 at liquid-nitrogen temperature in the device.

Very recently, an organic-inorganic perovskites LED working at room temperature

was �rstly created. Koutselas et al. (2011) This device is based on (OL)2PbX4 per-

ovskites, where OL represents (CH2)7CH=CH(CH 2)8NH+
3 and X = I, Br, and Cl. Its

structure is shown in Figure1.11(a), this LED exhibits naked eye electroluminescence at

room temperature. As presented in Figure1.11(b), EL spectrum of (OL) 2PbCl4 exhibits

a peak at 360 nm, EL spectrum of (OL)2PbBr4 exhibits peaks at 415 and 475 nm and

EL spectrum of (OL)2PbI4 exhibits peaks at 546 and 583 nm. These peaks are close to

the low-energy PL peaks.

1.3.2 Solar cells

Among the optoelectronic applications, solar cell is one of the most attractive appli-

cations, because of the promising potential to transfer renewable solar energy to electrical
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(a) (b)

Figure 1.11: (a) Schematic representation of the LED device structure. (b) Electro-
luminescence spectra of the diodes ITO/(OL)2PbX4/ Ga-In where X = Cl, curve a; Br,

curve b; and I, curve c. Koutselas et al. (2011)

energy. For the past years, numerous inorganic semiconductor quantum dots (QDs) ma-

terials have been tested to con�rm their photovoltaic performance in QD-sensitized solar

cell structures. However, photovoltaic performance was mostly poor, with conversion

e�ciency less than 1% at standard 1 sun illumination, until the report on CdS QD-

sensitized solar cell with e�ciency exceeding 1% in 2008.Lee et al. (2008) Soon after,

rapid progress has been made and, as a result, 4-5% e�ciencies were recently achieved

by using metal chalcogenides.Chang et al. (2010); Yu et al. (2011)

Although metal chalcogenide QDs seem to be excellent inorganic sensitizers for

QD-sensitized solar cells, recombination and chemical instability have been issued in

ill-de�ned sulfur-based redox electrolyte. Hodes (2008); Im et al. (2011) To overcome

such problems in metal chalcogenide QDs, lead iodide based perovskite-type sensitiz-

ers were thus introduced. Kojima et al. (2009) J. H. Im et al. have recently fabri-

cated highly e�cient quantum-dot-sensitized solar cell by using 2-3 nm sized perovskite

(CH3NH3)PbI 3 nanocrystals. Figure1.12shows the photocurrent-voltage curve of an op-

timized (CH3NH3)PbI 3 QD-sensitized TiO2 �lm. The improvement has been achieved

by surface modi�cation of TiO 2 with Pb(NO 3)2 prior to deposition of perovskite QD.

This QD-sensitized solar cell �lm exhibits a superior conversion e�ciency up to 6.54%,

which is so far the highest e�ciency among the reported QD sensitizers.

1.3.3 Microcavities

The research on microcavities containing semiconductors is a very important topics

since two decades, because such con�ned systems allow the control of both the electronic

and photonic states, making it ideal for the study of cavity polaritons in strong coupling

regime. It provides powerful tools to study the light-matter interaction, Weisbuch et al.

(1992); Skolnick et al. (1998) and may lead to Bose-Einstein condensatesKasprzak et al.
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Figure 1.12: Photocurrent-voltage curve and EQE (External Quantum E�ciency)
for the perovskite (CH3NH3)PbI 3 QD-sensitized TiO2 �lm whose surface was modi�ed
with Pb(NO 3)2. Thickness of TiO2 �lm was 3.6 mm and the redox electrolyte used was
composed of 0.9 M LiI, 0.45 M I2, 0.5 M tert-butylpyridine and 0.05 M urea in ethyl

acetate. Koutselas et al. (2011)

(2006) and the realization of low threshold polariton laser without population inversion

Saba et al.(2001).

The strong coupling regime has been investigated for both inorganic and organic

semiconductor materials. However, most polaritons in inorganic microcavities only exist

at low temperature (for instance, the GaAs/GaAlAs quantum well cavities operating at

20 K), due to the small exciton binding energy in semiconductors (for instance 5 meV

for GaAs). This disadvantage experimentally limits the application in devices. Other

materials such as GaNChristopoulos et al. (2007); Antoine-Vincent et al. (2003), ZnSe

Sermage and Fishman(1981), ZnO van Vugt et al. (2006), or organic moleculesLidzey

et al. (1998), whose excitons survive at higher temperatures, are also candidates for

room-temperature operating microcavities. But till now, the threshold density in organic

cavities is still higher than the competing lasing mechanisms in the device, and the

organic cavities always su�er problems of thermal-, photo- stability under illumination.

In III-nitride microcavities, only modest improvement was obtained compared to weakly

coupled GaN QW devices. Furthermore, the optical quality and reproducibility of the

devices are often compromised by relatively large compositional inhomogeneities and

structural defects. Böttcher et al. (2003); Das et al. (2011)

The 2D layered organic-inorganic perovskites, for example (C6H5C2H4NH3)2PbI4,

have large exciton binding energies up to 220(�30) meV Hong et al. (1992), which is
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substantially larger than kB T at room temperature ( �25 meV). It enables the excitonic

e�ects to be observed at room temperature and therefore it is a good choice as emis-

sion center in microcavity. Recently, strong coupling regime with large Rabi splittings

of 100-200 meV has been reported at room temperature on microcavities containing

perovskites such as (C6H5C2H4NH3)2PbI4, Bréhier et al. (2006); Lanty et al. (2008a)

(C6H5C2H4NH3)2PbCl4 Lanty et al. (2008b) and (C6H9C2H4NH3)2PbI4 Pradeesh et al.

(2009b). These materials, can be used alone in a cavity, as well as be combined with an-

other inorganic Lanty et al. (2010) or organic exciton Wenus et al. (2006). In particular,

in hybrid cavities containing an inorganic semiconductor and an organic material, it is

thought that it is possible to enhance the radiative rate of inorganic excitons and that

it is interesting to create an electrically driven organic-inorganic laser.Agranovich et al.

(1997)

1.4 Conclusion

The organic-inorganic hybrid perovskites are new materials whose use is interest-

ing for fundamental research and applied devices, due to their unique organic-inorganic

combined attributes and the enhanced quantum con�nement. Till now, there has been a

lot of applications fabricated with organic-inorganic perovskites and the results are quite

encouraging. In the framework of this thesis, improvement of some optical properties are

proposed and an optical device, a vertical microcavity working in the strong coupling

regime at room temperature, is realized.





Chapter 2

Synthesis and characterization of

(R-NH 3)2PbX 4 perovskites

As mentioned in Chapter 1, organic-inorganic hybrid perovskites possess plenty of

interesting properties. In order to get useful information for the further studies and �nd

the most adapted application for speci�c perovskites, it is necessary to make clear their

attributes, especially the optical and structural properties we are interested in. In this

chapter we will talk about the fabrication of perovskites samples, from the synthesis

of ammonium to the formation of crystals in di�erent forms: two dimensional layered

thin �lms, crystal bulks and nanoparticles. Experimental methods used to characterize

crystal structure, surface topography, and optical resonances will be expounded.

2.1 Methods for characterization

In this section, we introduce the characterization techniques that are frequently

used in our studies: structural characterization such as X-ray di�raction, atomic force

microscopy as well as optical characterization methods: absorbance and photolumines-

cence spectra, excitation of the photoluminescence, ellipsometry. To present the charac-

terization techniques, we use four common perovskites, which will be extensively studied

in the following of this report. These four common perovskites are: phenethylamines

tetraiodoplumbate ((C6H5C2H4NH3)2PbI4), phenethylamines tetrabromoplumbate

((C6H5C2H4NH3)2PbBr4), phenethylamines tetrachloroplumbate ((C6H5C2H4NH3)2PbCl4)

and phenylmethanamine tetraiodoplumbate ((C6H5CH2NH3)2PbI4) which are abbrevi-

ated as PEPI, PEPB, PEPC and PMPI respectively. 1

1"PE" and "PM" stands for the phenethylamines and phenylmethanamine respectively in its organic
part, their chemical structures can be found in Table 3.1; "PI" ("PB", "PC") represents the lead iodide
(bromide, chloride) inorganic part of the perovskites.

19
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2.1.1 Structural characterization

2.1.1.1 X-ray di�raction

X-ray di�raction (XRD) is a non-destructive analytical technique which reveals in-

formation about the crystallographic structure, such as crystal degree, distribution of

the grain orientation, and in particular the reticular spacing. The oriented structure of

a crystal behaves like a di�raction reticulum for X-ray radiation. Di�racted waves from

di�erent atoms can interfere with each other and form an intensity distribution pattern

which contains information on the crystal structure. The relationship between X-rays

wavelength and inter-plane distanced is given by Bragg's law: Equation2.1

2dsin� = p�: (2.1)

Where � is the wavelength of the X-ray, � is the scattering angle, andp is an integer

representing the order of the di�raction peak. XRD spectra are used to study crystalline

structure of perovskites in their various forms: two dimensional thin �lms, powders,

crystal bulks as well as nanoparticles. In this manuscript, XRD experiments have been

performed in LPN2 Marcoussis by L. Largeau and O. Mauguin, and in chemistry depart-

ment in ECNU3.

The following diagram 2.1 shows the XRD spectrum of a 50 nm PEPI thin �lm

deposited on fused quartz substrate. Sharp di�raction peaks with equal distances be-

tween each other are observed which prove the high crystallinity of this PEPI thin �lm.

The bump between 20o and 30o comes from fused quartz substrate. We can observe

di�raction planes from (0 0 2) to (0 0 22), a period of 1.64 nm is accurately estimated

from the patterns. This value is very coherent with those given by literatureMitzi et al.

(2001b,1999);Hattori et al. (1996) where the layer spacingd for the PEPI perovskite is

found to be 1.6 nm.

2.1.1.2 AFM measurement

The Atomic Force Microscopy (AFM) is a frequently-used tool that we employ to

characterize the surface topography of 2D perovskites thin �lms. It provides us a way

to evaluate surface roughness with quanti�ed values. The average surface roughness�

is de�ned as:

� =

vu
u
t 1

N

NX

i=1

(x i � xave)2; (2.2)

2Laboratoire de Photonique et de Nanostructures.
3East China Normal University.
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Figure 2.1: XRD spectrum of a 50 nm PEPI thin �lm, performed at LPN Marcoussis.
Gauthron et al. (2010)

whereN is the total number of pixels in each AFM image,x i the height at the ith pixel,

and xave is the average height for each AFM image. AFM experiment is performed in

PPSM4, ENS Cachan with a Veeco instrument operating in non-contact mode.

Figure 2.2 presents a typical surface image of a perovskite �lm. This sample layer

is prepared by depositing a 4 wt% PEPI solution by spin-coating on a glass substrate,

resulting in an about 30 nm thickness. Its� is found to be 5.5 nm. From the image we

observe irregular peak-like structures extending all over the surface, which is a common

topography situation for most 2D organic-inorganic perovskites �lms.

2.1.2 Optical characterization

Among many features of the perovskites, optical properties are among the most

interesting properties. It permits the perovskites to be used as light source and also

active centers in devices. Furthermore, it provides us e�ective tools for studying their

intrinsic electronic structure, for instance the �ne quantum wells structure. In this

section, we will introduce some frequently-used optical methods for the characterization

4Laboratoire de Photophysique et Photochimie Supramolécualires et Macromoléculaires.
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Figure 2.2: Topography of a PEPI thin �lm measured by AFM. Thickness of the �lm
is estimated to be about 30 nm.

of perovskites. Experimental principles and set-ups for absorption, photoluminescence,

excitation of the photoluminescence and ellipsometry measurement will be presented.

2.1.2.1 Absorption experiment

Like all other optical media, the absorption of a perovskite layer is quanti�ed in

term of optical density. It is also called optical absorbance and is abbreviated as "OA".

Its de�nition is:

OA(�) = �log 10(
I 1

I 0
): (2.3)

I 0 is the incident intensity and I 1 is the transmitted intensity through a layer sample.

OA spectra at room temperature are measured with a UV/Visible Perkin Elmer Lambda

950 spectrometer and low temperature OA spectra are measured by a home-made setup,

whose experimental con�guration is described in Figure2.3.

The light source for low temperature OA measurement is a Xenon lamp Spotlight

5000. It generates a wide emission spectrum from 280 nm to over 800 nm with a highest

emission peak around 468 nm, see Figure2.4. The low temperature environment is

provided by a helium exchange gas cryostat. This cryostat operates from 10 K to 325 K

and it is connected with a turbomolecular vacuum pump to evacuate the inside chamber

to a pressure of 1.0� 10�4 torr or less. Light emitted from the Xenon lamp source

is coupled through an optical �ber into a monochromator (SpectraPro 2150i, Princeton

Instruments/Acton T M ). The monochromatic light is then collimated by a fused silica lens

and guided to pass through the sample, which is settled on the holder inside the cryostat.

One quartz slide is introduced into the optical path before the cryostat, as splitter to
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Figure 2.3: Experimental setup for optical absorbance measurement at low tempera-
ture.
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Figure 2.4: Emission spectra of Xenon lamp, the intensity is corrected by the response
of the PMT detector.
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re�ect a small portion of light as a reference. The intensity of the re�ected reference

light I r and the intensity of the light passed through the sampleI s are collected by two

identical photomultipliers (PMT). Signals of the two PMTs are acquired by two lock-in

ampli�ers, connected to a computer through GPIB interfaces. Here, the measurement

of the reference signal allows to correct the error that might be caused by perturbation

of light source intensity. A clean quartz substrate is �rstly installed on the holder of

the cryostat, the PMT signals of reference lightI r 0 and transmitted light I s0 are then

recorded as a function of light wavelength�. Then, the perovskite �lm deposited on

the quartz substrate is installed on the holder of the cryostat, and PMT signals of the

reference light I r 1 and transmitted light I s1 are recorded at low temperature. In this

case,

OA(�) = �log 10(
I s1=I r 1

I s0=I r 0
) = �log 10(

I s1

I s0
�

I r 0

I r 1
): (2.4)

With these values measured from experiment, OA can be calculated with formula

2.4. E�ect of intensity �uctuations of the light source is thus removed by the presence

of the ratio I r 0/I r 1 in this two PMTs con�guration.

Figure 2.5shows the absorption spectra of the "PE" series perovskites: PEPI, PEPB

and PEPC. The measurement is carried on at room temperature. We observe that the

resonance band of each perovskite is very strong and sharp, it depends a lot on their

inorganic anion: the absorbance peak of PEPI is located at 2.39 eV (518 nm), that of

PEPB is at 3.07 eV (404 nm) and that of PEPC is at 3.64 eV (341 nm). And the FWHM

(Full Width at Half Maximum) of them are 73 meV, 84 meV and 82 meV respectively.

2.1.2.2 Photoluminescence experiment

Photoluminescence (PL) is one of the most remarkable properties of 2D layered

perovskites. Most perovskites mainly dissipate energy by e�cient spontaneous emission

after being promoted to an excited state by absorbing photons. The energy position

and intensity of photoluminescence peaks depend a lot on the nature of the organic and

inorganic components, this will be discussed in Chapter 3. The PL spectra allow to

collect information on the electronic band structure and the study of PL peaks intensity

as a function of illumination time allows to evaluate the photo-stability of the perovskites.

PL at room temperature

In PL experiment, the perovskite samples are excited by a light source which is

the 325 nm line of a HeCd laser or the 405 nm line of a diode laser or a Xenon lamp.

The PL emission signal is then collected by a SpectraPro 2500i spectrometer, coupled
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Figure 2.5: Absorbance (OA) spectra of PEPI, PEPB and PEPC thin �lms at room
temperature.

to a PIXIS:100B (Ropers Scienti�c) CCD camera. Figure 2.6 shows the PL spectra of

the three typical perovskites PEPI, PEPB and PEPC (the PL intensities are normalized

to 1). Their OA spectra are also drawn for comparison. Generally, the PbI2 based

perovskites give green PL around 520 nm, while the PbBr2 and PbCl2 based ones emit

violet light and near UV light which are around 400 nm and 340 nm respectively. These

emissions are bright and can be seen by naked eyes as shown on the photos in Figure

2.7.

The PL peak position of the PEPI, PEPB and PEPC thin �lm are centered at 2.37

eV (523 nm), 3.04 eV (408 nm) and 3.61 eV (343 nm) respectively. The FWHM are 51

meV, 56 meV and 71 meV which are narrower than that of some luminescent organic

polymers, such as DCM and pyridine, whose FWHM are as large as 300 meV.Meyer

et al. (2000) The Stokes-shift, de�ned as the energy di�erence between absorption and

PL maxima, is usually very small in these 2D perovskites: compared to organic dyes

(670 meV for DCM for example), they are only 24 meV in PEPI thin �lm, 37 meV and

29.4 meV in PEPB and PEPC respectively.
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Figure 2.6: PL (solid lines) and OA (dashed lines) spectra of PEPI, PEPB and PEPC
thin �lms at room temperature. The excitation is the resonant line 325 nm of a HeCd

laser.

(a) PEPI thin �lm (b) PEPB thin �lm

Figure 2.7: Photoluminescence of thin �lms of several tens nm (a) PEPI (the exci-
tation wavelength is 405 nm, diode laser), (b) PEPB (the excitation wavelength is 325

nm , HeCd laser.

Photobleaching

Although these perovskites are brightly photoluminescent, their PL intensity de-

clines when they are exposed under excitation light for long time, this is photobleaching.

We evaluate the photostability of perovskites by measuring the evolution of their PL
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intensity as a function of illumination time. From the ratio between the initial PL inten-

sity and the PL intensity after photobleaching in the same experimental condition, we

can estimate approximately the robustness of perovskites under illumination.

The following Figure 2.8 shows the photostability of PEPC, PEPB and PEPI thin

�lms. These samples are prepared by spin-coating a 10% solution, the �lms have an

approximate thickness of several tens of nm. This photobleaching experiment is carried
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Figure 2.8: PL intensity as a function of illumination time for PEPI, PEPB and
PEPC thin �lms in He environment. Laser power is 7 mW (325 nm line).

on in helium environment at 300 K. The PEPC, PEPB and PEPI samples are exposed

under a 7 mW HeCd laser (325 nm line). The CCD camera connected to the spectrometer

records the PL spectrum at every second during a measurement time of 7000 s. The PL

intensity is calculated by integrating the whole PL main peak. We see that the PEPC

sample is the most stable one in this group, 43.7% of its initial PL intensity remains

after 7000 s. The PEPI sample keeps 15.4% of its initial PL intensity after 7200 s, the

PEPB, whose PL intensity decreases to 0%, is the less stable one.

2.1.2.3 Excitation of the photoluminescence

Photoluminescence excitation (PLE) experiment is a speci�c type of photolumines-

cence measurement whose principle is to study the PL intensity in a �xed wavelength

region while the excitation wavelength varies, as shown in Figure2.9. To measure the

PLE spectrum of perovskites, we have built up an experimental setup by ourselves as
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Figure 2.9: Principle of PLE (Excitation of the photoluminescence) measurement

shown in Figure 2.10. This con�guration, equipped with a cryostat, allows us to obtain

PLE spectra at di�erent temperatures, from 10 K to 300 K.

Figure 2.10: Experimental set-up of PLE measurement.



Chapter 2 Synthesis and characterization of (R-NH3)2PbX4 perovskites 29

The PLE intensity can be described as:

I P LE (�) = I P L =I0(�): (2.5)

Where I P L is PL intensity, which is calculated from the PL spectra captured by CCD

camera by integrating the region that we are interested in (in blue in Figure2.9 ). I 0(�)

is the intensity of excitation light arriving on the sample for each wavelength�.

In the experiment, the excitation source is a Xenon lamp and its output light is

guided to and dispersed by a monochromator (SpectraPro 2150i). The single color light

�ltered from the monochromator is then splitted in two parts by a quartz slide: one part

is accumulated by the photomultiplier PMT1 as reference signalI r and the other part is

then guided by several re�ective mirrors and focused on the sample which is contained

in cryostat chamber. PL signal is collected by a SpectraPro 2500i spectrometer coupled

with CCD camera.

Since we read the light intensity from PMTs, the wavelength related response rate

of PMT devices RP MT should be taken into consideration:

I r =
VP MT 1

RP MT 1
: (2.6)

The blue curve in Figure 2.11 is the response curve of PMT (H9307-03) used in our

experiment. It is �tted by a 4 order polynomial as followings:

y = 4:5928e�10 � x4 � 9:1272e�7 � x3 + 0:00056731� x2 � 0:11744� x + 12:862: (2.7)

The semi-transparent quartz slide and the PMT1 are placed near the excitation

source because of experimental constraints: it is impossible in our experimental set-up

con�guration to place continuously a PMT just in front of the sample. However, I 0(�) is

the intensity of light arriving on the sample. Between the place of PMT1 and the sample,

there are some optical components which can makeI r and I 0(�) di�erent. We de�ne the

factor f (�) = I r / I 0: for a settled experimental set-up where all optical components are

�xed to their positions, the function f (�) versus� is unique and is characteristic of the

set-up. So, once the set-up is mounted and �xed,f (�) is measured at the beginning of

the day, from the ratio between the signals obtained from PMT1 and PMT2, note that

PMT1 and PMT2 are identical:

f =
I r

I 0
=

VP MT 1

VP MT 2
: (2.8)

The PLE intensity is thus deduced by:

I P LE (�) =
I P L

I 0
=

I P L

I r =f
=

I P L � RP MT � f
VP MT 1

:
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Figure 2.11: PMT response curve of the H9307-03 type PMT; the red curve is 4 order
polynomial �tting curve

2.1.2.4 Ellipsometry

The absorption and refraction of a medium can be described by a single physical

quantity: complex refractive index. It is usually given by the symbol ~n and is de�ned

by the formula 2.10:

~n = n + i�: (2.10)

In this formula, the real part of the refractive index n is related to the phase speed,

while the imaginary part � indicates the amount of absorption loss when the electromag-

netic wave propagates through the material.

Ellipsometry is a very sensitive measurement technique to measure the complex

refractive index of thin �lms. It is a non-destructive method in which we use the re�ection

properties of a polarized light to probe the dielectric properties of a sample, see Figure

2.12 The polarization state of the light incident upon the sample may be decomposed

into an s component, oscillating parallel to the sample surface, and ap component,

oscillating parallel to the plane of incidence. The re�ected light undergoes amplitude

and phase changes for bothp� and s� polarized light which are determined by the

sample's properties, and ellipsometry measures these changes. The fundamental equation

of ellipsometry is written in Equation 2.11:

� =
Rp

Rs
= tan � ei� : (2.11)
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Figure 2.12: Principle of ellipsometry measurement

The intensity of the s and p components, after re�ection, are denoted byRs and

Rp. Tan is the amplitude change upon re�ection, and � the phase shift. Through

an analysis of the polarization state of the light that is re�ected from the sample, the

technique allows an accurate characterization of a range of properties including the layer

thickness and optical constants. Since an ellipsometry experiment measures the ratio of

these two values (rather than the absolute value of either), it is very robust, accurate

(can achieve angstrom resolution) and reproducible.

In the study of perovskites, we can obtain lots of additional information such as the

dielectric constant and oscillator strength with the complex refractive index got from

experiment, which are quite necessary in following studies, for example for the design

of the microcavities. The type of the ellipsometer in LPQM is SOPRA GES 5 and the

measurements are analyzed by software WINELLI II. To acquire the complex index of

the PEPI perovskite, a �lm of PEPI is deposited on a silicon substrate by spin-coating.

The thickness of the �lm is measured as 240 nm by a pro�lemeter. Figures2.13 (a)

and (b) present tan and cos� obtained from measurements. Having the experimental

values of tan and cos�, we search for an expression of the dielectric constant�(�) which

allows to report the behavior of the material. For that, we use a model for�(�) and we

use this model to simulate the evolution of� as a function of �. Then we adjust the

parameters of this model to �t the experimental values of Tan and cos�.

To �nd the expression of �(�), we are inspired by the information given by the

absorption spectrum of PEPI, as shown in Figure2.14. Several peaks in the OA spec-

trum can be identi�ed. We modelize each absorption peak as a Lorentz oscillator. The
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Figure 2.13: (a) Tan value and (b) Cos� value as a function of energy for a 240 nm
PEPI thin �lm deposited on silicon substrate. Dark line is the experimental curve and

the light line is the �tting curve given by software WINELLI II
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Figure 2.14: OA spectrum of a 50 nm thick PEPI �lm measured at room temperature.

contribution of each Lorentz oscillator to the dielectric constant is:

�(E ) =
A

E 2
0 � E 2 � j ~
E

: (2.12)

E0 (in eV) designing the energy position of the absorption peak,
 (in eV) the width of

the absorption peak, and A (in eV2) being related to the oscillator strength f osc:

A =
~2

� 0m0

f osc

L tot
: (2.13)

Here, L tot is the thickness of the �lm. The model of dielectric constant used for layered

perovskites is composed by a continuous term and three Lorentzian functions:

� = � 1 + � 1 + � 2 + � 3: (2.14)

� 1 is a constant,� 1 and � 2 are related to the peaks at 2.4 eV and 3.2 eV seen in absorption

spectrum respectively. � 3 is a large peak which models the continuous absorptionBréhier

(2007). Figure 2.15 shows the realn and imaginary (�) parts of the refractive index

(n + i� =
p

�) of PEPI. The optimum parameters returned by �tting the experimental

results are reported in Table2.1.

The oscillator strength f osc which is associated with the absorption of the quantum

wells lying at E01 (coming from � 1) can be obtained from Equation2.13, knowing A1 and
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Figure 2.15: Refractive index ~n = n + i� of PEPI �lm obtained from the �tting of
tan and cos� in Figure 2.13. The blue curve and red curve represent the realn and

imaginary � parts of the refractive index respectively.

L tot values. We obtainf osc = 13 � 1015cm2 for the whole �lm of 240 nm thickness. Since

the distance between two quantum wells is 1.6 nm and the number of quantum wellsNQW

is approximately NQW = 150, an oscillator strength per quantum-well f QW = f osc=NQW

of about 9 � 1013cm2 can be deduced for PEPI. This is one order of magnitude higher

than in conventional inorganic quantum wells such as InGaAs/GaAs structures.Skolnick

et al. (1998)

Table 2.1: Parameters used to �t the refractive index of PEPI �lm with Equation2.14

A i (eV2) E0i (eV) 
 i (eV)
� 1 1.86 - - -
� 1 - 0.825 2.394 0.041
� 2 - 3.73 3.25 0.45
� 3 - 38.5 5.1 3.9

2.2 Perovskite based crystals

The perovskites molecules can form crystals spontaneously via interaction among

molecules on proper condition, this property is called self-assembly. We are interested in



Chapter 2 Synthesis and characterization of (R-NH3)2PbX4 perovskites 35

perovskite crystals because they present interesting optical properties which don't exist

in solution. For instance, we see a sharp resonant peak at 517 nm in the OA spectrum of

a PEPI thin �lm, but this peak dosen't exist for PEPI solution, as seen in Figure 2.16.

In this section we will introduce the perovskites crystals realized in our laboratory in

Figure 2.16: OA spectra of a 50 nm PEPI thin �lm (black line) and of a solution
containing PEPI dissolved in DMF solvent (pink line).

di�erent forms: layered �lms, crystal bulks and nanoparticles. Methods of preparation

and some factors that may in�uence surface quality of layered �lms will be discussed.

2.2.1 Synthesis

The synthesis of perovskites is the most primary and important procedure among

perovskites study. Compared with the methodology of traditional semiconductors, the

fabrication of perovskites samples is relatively easy. Because they need neither series of

cumbersome equipments nor strict environment condition but can be synthesized and

deposited simply by soft chemical methods at room temperature, it is possible to design

the perovskites as we want by working on the organic part, specially the moiety. Gen-

erally there are two steps for synthesis: synthesis of ammonium salts and preparation of

perovskites solution. The precursors lead halide salts PbCl2, PbBr2 and PbI2 are pur-

chased from Sigma Aldrich company. For the organic part, we use sometimes commercial

available amines. In order to realize some perovskites which possess special functions,

such as better stability or larger photon absorption ability, we synthesize also by our-

selves some new organic compounds, for instance the penta�uorophenylethyamine and
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N-(2-Aminoethyl)naphthalimide whose concrete synthesis method will be introduced in

appendix.

Synthesis of ammonium salts

The perovskites that we are interested in and that we synthesize are mainly in form

of (R-NH3)2PbX4. In a �rst step, we transform the as-prepared amines to ammonium

salts by reacting the amines with halogen acid. This process is described in formula2.15:

R � NH 2 + HX ) R � NH 2� HX: (2.15)

It is a neutralization reaction where the salts are easy to generate with a yield rate

of relatively high level (nearly 100%). The halogen acids used to produce corresponding

ammonium salts are HI 57 wt%, HBr 48 wt% or HCl 37 wt% aqueous solution. The

reaction setup is shown in Figure2.17.

Figure 2.17: Reaction set-up to produce the ammonium salts.

Before the reaction, it is necessary to check air impermeability of the whole system to

make sure that all pieces are well connected inside and well closed to outside. Applying

some vacuum grease to joint parts is helpful for obturation. From left to right, the

reaction recipients are marked as "A", "B", "C", "D" and "E" for clarity. The second

(B) and the forth (D) conical �asks are used as safety �asks to avoid backwash, in case

that the reaction goes on too fast, which would cause the disequilibrium of gas pressure

in and out of the closed system.

In the �rst round bottom �ask (A), excess concentrated HX acid is gingerly dropped

on P2O5 powder. The �ow speed of acid has to be well controlled to be uniform and
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slow (about 4-5 drops per second), as the dehydrating process of P2O5 for HX solution

is very violent and exothermic. We see that the mist of acid gas leaps up as soon as the

acid drop contacts with P2O5. At the same time, it is necessary to cool down the �ask

with ice-water mixture bath to avoid the blast of glasswares. Gaseous HX is then guided

by pipes through the �rst safety �ask to the reaction �ask (the third �ask in blue) as

soon as it is generated. This reaction �ask (C) contains an amount of amine which is

previously dissolved in diethyl ether. There are many advantages to choose diethyl ether

as reaction environment: on one hand, diethyl ether is a very good solvent for amines

but the salts have very low solubility in it. Therefore the generated ammonium salts

tend to precipitate out of solution and the reaction equilibrium keeps on heading to the

products side. On the other hand, the diethyl ether solvent enables splendid separation

between reactant and �nal salts which insures the purity of ammonium salts. When HX

gas contacts with that solution, small white grains of ammonium immediately appear

in the reaction bottle under agitation. Meanwhile, an ice-water bath under reaction

�ask will favor the precipitation process. The unreacted gaseous HX after the reaction

�ask is guided to the last �ask (E) which serves as gas-washing bottle containing NaOH

aqueous solution to be neutralized. When the reaction is totally �nished, we �lter out

the R-NH2HX salts and rinse them with diethyl ether twice and with n-pentane once to

remove the unreacted acid HX or R-NH2, as well as water traces. The salts R-NH2HX

are then put under vacuum line for several hours to eliminate the residual solvent. After

that, the salts are transferred into a desiccator to be dried.

However this gaseous acid method may cause the pipes to be eroded, and it takes

relatively long time to get enough amount of acid for reaction. Besides this method,

we also try to synthesize ammounium salts by adding aqueous acid to amines in diethyl

ether solution directly. This method simpli�es the fabrication procedure and enables

us to fabricate larger quantity of ammonium products by single reaction. But it might

introduce some water to reaction solution which is unfavorable for the generation of

ammonium salts. As many salts have good solubility in polar solvents such as water, the

rate of production declines. For example the ammonium salt of 2-cyclooctyl-ethylamine

hydroiodide is very di�cult to precipitate in this kind of solution environment, it remains

in aqueous phase in the lower layer reaction �ask. In this case we can add more diethyl

ether to decrease the ratio of water/diethyl ether in order the ammonium salts are forced

to precipitate.

After synthesis, the conservation of ammonium should be cautious. Because of the

hygroscopicity nature of some of the salts, it is better to keep them in a dry and dark

place to prevent deterioration.
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Preparation of perovskites solution

After several days of drying in desiccator, the salts are dry. These dry ammonium

salts are used to prepare perovskites solution. In this step, R-NH2HX ammonium salt

is mixed with lead halide PbX2 in stoichiometric amount 2:1 in mole, and dissolved in

solvent. This is a coordination reaction and it can be described by the chemical formula:

2(R � NH 2� HX ) + MX 2 ) (R � NH 3)2MX 4: (2.16)

The solution is then put under agitation or in ultrasonic bath until the solutes are

totally dissolved and the solution appears limpid. The choice of the solvent is important

because we need to consider the solubility for both the organic ammonium and the

inorganic lead halide. Dimethylformamide (DMF) or Dimethyl sulfoxide (DMSO) are

good solvents in which the perovskites usually have very high solubility. For instance

PEPI perovskites solubility reaches up to 25 wt% in DMF solution. Some other solvents

such as acetone, or acetonitrile can also be used. But solubility of perovsites in them is

relatively poor (less than 5 wt%), and it takes too long to completely dissolve the solutes.

This is also the reason why we choose to use mainly DMF as the preferred solvent in our

study.

2.2.2 Perovskites in solution

The molecules of perovskites are dispersed in solution. Compared with their crystals,

the optical properties of perovskites in solution are very di�erent. Figure 2.18 presents

OA spectra of PEPI in DMF solution samples. For comparison, an OA spectrum of

PEPI thin �lm is drawn (grey curve). The pink circle curve stems from diluted samples

of PEPI solution (concentration lower than 1 %) contained in a quartz bottle. The

black and orange curves come from the sample of PEPI solutions sandwiched between

two pieces of glass slides, the concentration of the two solutions are 10 % and 2 %,

respectively. The abrupt saturation in spectrum below 295 nm is due to the absorption

of glass. The green curve is OA spectrum of DMF solvent that is used for these solution

samples. From these OA spectra of PEPI solutions, we see that there is no typical peak

at around 520 nm as in the �lm sample, but we observe some broader peaks in the UV

region. The peak around 321 nm is thought to be due to organic components, and it

exists in all the PEPI solutions spectra (for diluted solution and also solutions between

slides) and also in PEPI thin �lm samples. Besides the peak at 321 nm, we see two

other peaks at 371 nm and 421 nm for the solution samples contained between the two

slides. That may be due to the pileups among molecules that accordingly form possibly

dimers, trimers... They are more obvious in black and orange curves as a result of higher

concentration between the two slides. This evidence helps us to understand that the
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large broad band appearing in OA spectra of PEPI �lm samples around a region from

360 nm to 480 nm may be due to molecules stacking in solid state and informs us that in

the thin �lm samples of perovskites, there is still a percentage of amorphous molecules

which are not completely organized.

Figure 2.18: Absorbance of PEPI perovskites molecules dissolved in DMF solution.
Measurement is carried on at room temperature. The grey line is the OA spectrum of

a 50 nm PEPI thin �lm.

2.2.3 2D Layered Perovskites

2.2.3.1 Thin �lms

a) Deposition and optimization

Spin-coating

We have explained the synthesis and preparation of perovskites molecules in Para-

graph 2.2.1. From the perovskites solution, 2D crystals can be obtained by evaporation

of solvent. Our thin �lms samples are realized by spin-coating, by which the perovskites

form 2D crystals by self-organization process. The spin-coating method is a technique

used to apply uniform thin �lms to �at substrates. As it is shown in Figure 2.19, an

amount of solution is dropped on the substrate which is �xed on the spin-coator, and

then it is rotated at high speed in order to spread the �uid by centrifugal force.
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Figure 2.19: Schema of the spin-coating process.

The process of spin-coating is di�cult to be modeled in theory. To estimate the

thickness h of a �lm, an empirical formula can be used: Meyerhofer(1978); Norrman

et al. (2005); Krebs (2009)

h =
C
p

t
! �x : (2.17)

where! and t are the spin speed and spin duration, respectively.C is an experimentally

determined constant, which depends on the evaporation rate, viscosity and density of

the solution. x is also an experimentally determined parameter, which is related to the

evaporation rate of the solution. x � 1
2 for most solvents. x � 2

3 when the evaporation

rate is independent of! , and x � 1 for slow evaporation solvent.

The solvent containing R-NH2HX and MX 2 is �rst spin-coated on the substrate.

2D layered perovskites crystals are then obtained upon solvent evaporation. In the

absorption spectra of 2D layered perovskites crystals, a sharp peak appears at room

temperature, which is characteristic of the formation of 2D layered perovskites crystal

structure (see Figure2.6).

Actually, in order to realize a layer with the desired thickness, we modify the con-

centration of perovskites solution keeping the other spin-coating parameters (spin speed,

acceleration and spin duration) �xed. Generally, homogeneous 2D layered perovskites

�lms with a thickness from 10 nm to 100 nm can be obtained by carefully selecting

the parameters: less concentrated solutions give thinner layers. For example we prepare

some PEPI thin �lms from their 10%, 3% and 1% in DMF solution. The parameters of

spin-coating are 2500 rpm, 2500 rpms for 30 s (the annealing conditions are95� C for 1

min, see next paragraph). Their thicknesses measured by AFM are respectively: 36.5

nm, 25.3 nm and 6.21 nm. With the help of a pro�lemeter or an AFM to estimate the

layer thickness, we can draw a calibration curve (thickness as a function of concentra-

tion) and adjust the concentration of solution in order to produce the desired thickness.

The spin-coated 2D layered perovskites �lms are very reproducible, and therefore they

are appropriate to be deposited on devices, for instance perovskites based microcavities.

Lanty et al. (2008a)



Chapter 2 Synthesis and characterization of (R-NH3)2PbX4 perovskites 41

Annealing

After the spin-coating process, the samples need to be put on a hot plate immedi-

ately for annealing in order to form 2D layered crystals. The annealing conditions are

very crucial for the formation of crystals. It should provide the perovskites molecules

su�cient thermal energy to realize self-organization and form well ordered crystalline

structures with superior optical properties. If the annealing temperature and time are

too small, the �lms may present relatively weak optical absorption and photolumines-

cence as the percentage of amorphous molecules is too large in this kind of samples; on

the contrary, the perovskites will be destroyed and decomposed if the annealing temper-

ature is too high and the annealing time too long. The annealing parameters depend a

lot on the perovskite composition and also on the solvent. For instance the parameters

for preparation of a 50 nm PEPI thin layer with PEPI 10% in DMF solution are: rotate

speed 2000 rmp, rotate acceleration 2000 rmps for 30 s, annealing condition is 95� C for

1 min.

Surface roughness

As we have introduced before, the tunable energy band gap and electronic struc-

ture of perovskites open a wide application potential in optoelectronic devices. However

another important point which needs to be paid attention is the surface quality of the

�lms. Especially for the multi-layered structures, a rough layer will be detrimental to the

smoothness of the following layers and decrease the quality of the whole device. Con-

sidering the application of electroluminescent devices for example, the non-continuity of

perovskites layers will lead to an increase of the resistance and obstruct the conduction

of current in plane. Another example is the realization of microcavities containing per-

ovskites. An active layer with large roughness badly reduces the quality factor of the

cavity, prohibiting the occurrence of strong coupling.

The factors that may in�uence the surface quality of perovskites layers are various.

It depends both on the deposition parameters and the perovskite composition. Concern-

ing the deposition parameters, the pretreatment of substrates before deposition process

is very important. The pretreatment includes the washing step and the surface treatment

step. In order to remove all the residues on the substrates, we immerse the substrates

in three solvents: acetone, ethanol and isopropanol successively and place the container

in an ultrasonic bath for 10 min in each solvent. After that, the clean substrates are

transferred to the surface treatment step. The principal idea of surface treatment is to

promote adhesion between the substrate and the perovskites molecules, with hope that

the perovskites layers can be smoothly spread on the substrate by this way. Generally

that can be provided by a special molecule or even simply by electrostatic forces. Because

of optical measurements, the substrates we use are usually quartz or glass whose main
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constituent is SiO2. Therefore the surfaces of the substrates will naturally possess neg-

ative charges as shown in Figure2.20. It is known that the -O� on surface of substrate

are not persistent and can easily catch the H+ existing in air so that the surface becomes

neutral. Considering that, we dip the substrates in a KOH solution at 0.5 mol/L during

at least 10 minutes in order to take out the H+ from the surface and render it negative.

By this modi�cation of surface charge, the perovskites molecules will well adhere to SiO2
substrates. We have observed experimentally that the "hydrophilic property" of the sur-

face is increased: the drops of perovskites solution spread immediately after hitting the

substrates. The �lms homogeneity and continuity are greatly improved.

Figure 2.20: Schematic presentation of the e�ect of surface treatment.

The decrease of solution concentration helps improving the surface quality also. For

a certain kind of perovskites, �lms deposited from solutions with lower concentration are

usually smoother. Figures2.21 (a), (b) and (c) show the topography of PEPI 10%, 4%

and 1% thin �lms measured by AFM. The three samples are deposited by spin-coating

with the parameters: 2000 rmp, 2000 rmps during 30s and annealing at 95oC for 1 min

and their thicknesses are estimated to be about 50 nm, 27 nm and 6 nm. The average

roughnesses of these samples are calculated with equation2.2, they are 10.6 nm, 5.5 nm

and 1.3 nm for PEPI 10%, 4% and 1% respectively.

These AFM �gures clearly show the e�ect of solution concentration on surface rough-

ness. In addition, the organic moieties greatly a�ect the surface roughness and this aspect

will be studied in Chapter 3.
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(a) PEPI 10% thin �lm (b) PEPI 4% thin �lm (c) PEPI 1% thin �lm

Figure 2.21: AFM images for PEPI thin �lms prepared from 10%, 4% and 1% solu-
tions, and deposited on quartz substrate.

b) Optical characterization

Let us still take the PEPI perovskite as an example. The following Figures2.22and

2.23 show the OA and PL spectra of a 50 nm PEPI �lm sample at room temperature

and at 10 K respectively . A sharp peak is observed in both curves in Figure2.22. This

resonant peak, at 2.398 eV for absorption and 2.369 eV for PL at room temperature,

presenting a small Stokes-shift of 29 meV, is attributed to the excitonic transition from

free excitons con�ned in inorganic sheets. In the 2D-layered perovskites, the excitons

are highly located in the inorganic sheets because the energy gap of the organic sheets is

usually much larger than that of the inorganic sheets. The absorption peak at 2.398 eV

is attributed to the electronic transition from a mixture of Pb(6s)-I (5p) states (valence

band) to Pb(6p) state (conduction band) for PbI2 based 2D layered perovskitesIshihara

(1994).

Figure 2.23 shows that the exciton energy in PEPI isEex = 2.346 eV at 10 K. A

step-like structure (as zoomed in Figure2.23) is also observed, which corresponds to the

energy gap of PEPI (Eg = 2.548 eV). An exciton binding energy ofEb = 202 meV is then

deduced for PEPI. The energy gap of PEPI can also be seen at 300 K, as a small bump

in Figure 2.22(b), which is read to be about 198 meV. It is very comparable with the

previously obtained value at 10 K. The binding energy of excitons in PbI2 crystals has

been determined to be 30 meVLe Chi Thanh et al. (1975). Thus, the exciton binding

energy in 2D layered perovskites is much higher than that in the 3D structures. In fact,

theoretical exciton binding energy is found to be four times larger in an ideal 2D structure

than in a 3D structure Shinada and Sugano(1966). In addition, by virtue to the high

contrast in dielectric constants between the organic layers and the inorganic PbI2�
4 layers,

the Coulomb interaction in the well is hardly screened by the presence of the barrier,

resulting in a strengthening of the interaction between the electron and the hole in the

exciton. Note that the exciton binding energy in 2D thin �lms perovskites (Eb t several

hundreds meV) is much larger than the thermal energy at room temperature (kB Tt 26

meV), which explains the strong excitonic absorption and PL features observed at the

room temperature.



44 Chapter 2 Synthesis and characterization of (R-NH3)2PbX4 perovskites

Figure 2.22: (a) OA spectrum and PL spectrum of a 50 nm thick PEPI �lm measured
at room temperature. The excitation source for PL measurement is the 325 nm line of
a HeCd laser, with an incident power of 0.6 mW. The insert graph (b) is a zoom of the

square zone in graph (a) in order to show the step-like structure in OA spectrum.

Figure 2.24 shows the PL spectrum of a 50 nm PEPI �lm at low temperatures 10 K

and 80 K in He environnement. Two PL peaks are observed: (S1) at 2.336 eV and (S2)

at 2.298 eV at 10 K, and (S1) at 2.349 eV and (S2) at 2.320 eV at 80 K. The Stokes shift

between the OA peak and the (S1) peak being only 10 meV, it is thought that (S1) is

related to the excitonic transition from free excitons. In order to get more information

about the two PL peaks, we perform the PLE spectra of (S1) and (S2): see Figure2.25.

The blue and green scattered lines are the PLE spectra at 10 K, the orange and pink

scattered lines are the PLE spectra at 80 K. The grey dashed line is, for recall, the OA

spectrum of a 50 nm PEPI thin �lm at room temperature. We see that the PLE spectra

of (S1) and (S2) have a quite similar pro�le for each temperature: the independence of

the PLE spectra with respect to the detection energy indicates that the two emission

lines are connected to the same excited states. As a consequence, we think that (S2) can

not be interpreted in term of biexcitons Fujisawa and Ishihara (2004); Gauthron et al.

(2010). It is possible that (S2) is related to excitons bound to defects. But to con�rm

this interpretation, further experiments have to be performed, such as PL measurements

as a function of the incident power.
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Figure 2.23: (a) OA spectra of 50 nm thick PEPI �lm measured at 10 K. The PL
intensities are normalized. The inset (b) is a zoom of the square zone in order to see
the energy gap. (Eex , Eg, and Eb represent the exciton energy, the energy gap, and the

exciton binding energy, respectively.

2.2.4 Crystal bulks (PEPI and PMPI)

The detailed electronic structure of the 2D-layered perovskites �lms being virtually

unknown, it is necessary to consider performing calculations to improve its knowledge.

Before performing calculations, crystal parameters must be well known. A precise study

of the crystal bulks will be useful to determine the parameters which have to be in-

troduced in the calculations concerning the 2D-layered perovskites. Detailed structural

analysis of perovskites are still needed for studying these systems. However the growth

of suitable single crystals has been a di�culty in the crystallographic study. Because of

the layered nature of the perovskite structures, their crystals tend to grow as thin �akes,

leading to problems with crystal distortion during the mounting process. Some methods

used to generate crystals such as layered solution technique have been introduced in

Chapter 1. Among them, solution evaporation has proved to be a good and simple way

to grow crystal bulks. In this method, the choice of solvent is important: it should well

dissolve the perovskites molecules after mixing their two precursor components. Also,

the speed of evaporation under certain experimental conditions (temperature, pressure

and so on) should be appropriate. Here, we present some solution methods we have tried

to grow crystal bulks. Experimental details and some crucial points for generating big

perovskites crystals will be discussed in the following paragraph.
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Figure 2.24: PL spectra of a 50 nm PEPI thin �lm at 10 K and 80 K. The PL
intensities are normalized. The sample is placed in He bath in cryostat, the excitation

source is Xenon lamp at 467 nm

Evaporation of solution

This method is tried with two lead iodide perovskites: PMPI and PEPI. 0.5 g of

ammonium salt and PbI2 in stoichiometric amounts for PMPI and PEPI are introduced

in about 60 g acetone solvent. As the solubility of perovskites in acetone is low at

room temperature (compared with DMF), some white precipitates are soon observed

under agitation. These precipitates, which have di�erent appearance compared to their

precursors (ammonium salt and PbI2) have been checked to be perovskites compounds in

amorphous form. See Figure2.26: the sharp absorption peaks of the �lms deposited from

the "white precipitates" in DMF solution are located at 2.4 eV they superpose very well

with that of the PEPI prepared in conventional ways, that is to say deposited directly

from PE ammonium+PbI 2 in DMF solution, as introduced in Paragraph 2.2.1. However,

the absorbance band in the UV range is obviously stronger than the main resonant peak

at 2.4 eV contrary to the conventional PEPI �lm spectrum and the spectra di�er a little

bit around 3.03 eV for di�erent positions on samples. According to the interpretation we

have given for the UV band from OA spectra of perovskites in solution (Paragraph 2.2.2),

we can say that the absorption UV bands observed here are largely due to molecules

stacking in solid state. As long as the perovskites precipitate in some kind of solid

form (even amorphous form), it will take more energy to detach the molecules and it
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Figure 2.25: PLE spectra of S1 and S2 PL peaks (observed in Figure2.24) of a 50
nm PEPI thin �lm at 10 K and 80 K. The grey curve is absorption spectrum measured
at 10 K. The energy interval between brackets is the energy interval on which the PL

intensity of S1 and S2 peaks are calculated.

will be more di�cult to redissolve them again. Therefore it causes the di�erences in

curve pro�les which may result of the inhomogeneous stacking of perovskites molecules

in solution.

The white precipitates are �ltered out and we leave the saturated solution in conical

�ask evaporate at room temperature. Unluckily, we don't get crystal bulk with this

method neither for PEPI nor PMPI. After several days, when the liquid acetone has all

evaporated out, we don't see crystals but some "co�ee stains" like solids at the bottom of

the �ask. We think that the growth of crystal is generally a relatively slow course: while

the bp (boiling point) of acetone is quite low: only 56oC, leading to a too quick process

to form crystal bulks. To avoid that point, we then try, for PEPI, another solvent as

acetonitrile which has higher bp: 82oC, so it evaporates slowly at ambient environment.

After a long evaporation time of 5 months for 500 ml PEPI in acetonitrile saturated

solution, we �nally obtain some thick �akes of PEPI orange crystals and these crystals

emit bright green photoluminescent under UV lamp.

The proper solution condition for good crystallization can be realized by mixing two

solvents with di�erent boiling points. We have tried to use the mixture of nitromethane,

whose bp is 101oC and acetone. 55 ml of the PEPI in acetone saturated solution is

mixed with 45 ml nitromethane and is kept in a sealed �ask at air environment with a
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Figure 2.26: OA spectra of PEPI thin �lms deposited from the "white precipitates"
in DMF solution as explained in the text. The black curve is the absorption spectrum

of a 50 nm PEPI thin �lm prepared in conventional ways.

small hole on top to evaporate the solvents. After 9 months, we successfully obtain two

pieces of brown crystals of PEPI, see Figure2.27. The dimensions of the larger one are

about 8 mm � 4 mm � 15 mm. They are very luminous under UV lamp and their PL

spectrum is measured at room temperature, as seen in Figure2.28(a) and (b). The PL

intensity of PEPI crystal bulk is normalized, and for comparison a normalized PL curve

of a 50 nm PEPI thin �lm is reported. We see that the peak center and FWHM of the

PL of PEPI perovskite in form of �lm and crystal bulk are the same.

Figure 2.27: Photo of the PEPI crystal bulks grown from nitromethane/acetone
mixed solution.
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Figure 2.28: PL of PEPI crystal bulk grown from nitromethane/acetone mixted solu-
tion: (a) photo of the 3D crystals under a 312 nm UV lamp; (b) PL spectra measured
at room temperature of the PEPI crystal bulk and of a 50 nm PEPI thin �lm. The PL
intensity is normalized, the excitation laser is HeCd at 325 nm, with incident power of

0.6 mW. The normalized PL of a PEPI thin �lm is drawn for comparison.

Slow solution exchange

For PMPI, we develop a Slow solution exchange method, which allows to control

the growth of crystals in slow means. It is realized by using two volatile solvents (we

call them solutions A and B to simplify) : solvent A is the one in which perovskites are

soluble while in solvent B the perovskites can not be dissolved. Solution A (containing

perovskite) and solvent B are contained in two di�erent containers that communicate as

shown in Figure2.29(a), the whole setup is well sealed against outside atmosphere. This

special setup enables the two solvents to evaporate in a closed space and slowly permeate

into each other. Little by little, the perovskites in solution A will precipitate as a result of

the change of solution environment. In our experiment, we use the perovskites PMPI and

its acetone saturated solution as solution A. As the solubility of perovskites is quite low

in diethyl ether, it is thus a good choice for solution B. In Figure2.29(a), the inner beaker

contains saturated perovskites in acetone solution and this beaker is placed in another

bigger backer containing diethyl ether. In the following days, the immersion of diethyl

ether molecules in acetone solution force the perovskites to precipitate out gradually.

After one month of crystallization, we successfully obtain a thick brown PMPI crystal

bulk of about 7 mm � 5 mm � 3 mm, as seen in Figure2.29(b). Green photoluminescence

under UV lamp observed by naked eyes proves that ordered quantum wells structure in

this crystal is well formed.
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Figure 2.29: (a) Setup of slow solution exchange method and (b) a PMPI crystal
grown by this method.

2.2.5 Nanoparticles

Perovskites in form of luminescent nanoparticles are another interesting kind of

crystals which has attracted great interest recently. Being a bridge between bulk materi-

als and atomic or molecular structures, the nanoparticles display very speci�c properties

with potential applications in various �elds such as sensing or LEDs. Nanoparticles often

possess particular optical properties as they are small enough to con�ne their electrons

and produce quantum e�ects. Consequently, the fabrication process which decides the

size of nanoparticles is very important.

2.2.5.1 Spray-drying method

Before this thesis, P. Audebert and C. Boissière (LCMC, UPMC) have realized lu-

minescent nanoparticles by a spray-drying (or nebulization/lyophilization) method Au-

debert et al. (2009). Similarly to the spin-coating method, the ammonium salts whose

organic parts are PE, AM and CM as shown in Table2.2 and PbBr2 or PbI2 semiconduc-

tors are �rstly dissolved in DMF solvent in stoichiometry of 2:1. 5% DMF solutions were

used for the nanoparticles spray drying. The preparation method is sketched in Figure

2.30. The experimental spray drier, shown in Figure2.30, is composed of an aerosol

generator and an evaporation chamber which is settled in an oven maintaining at 250
oC. Droplets with initial mean diameter of 0.35 �m are carried by dry air (3 L � min �1 )

from the aerosol generator to the evaporation chamber. Dried particles are collected onto

a 0.2 �m cuto� Te�on �lter and are stored at ambient temperature.

The particles exhibit an intense luminescence at ambient temperature, as shown on

the Figure 2.31.

TEM measurements show that these particles are spherical and their sizes are of the

order of 50 to 500 nm, see Figure2.32. The X-ray di�raction spectra of the nanoparticles

in Figure 2.33 show that the particles are fully crystalline. In the case of AMPI and

CMPB based nanoparticles, a single crystalline phase is observed, showing therefore the

high degree of organization of these particles. In the case of PEPI based nanoparticles,
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Table 2.2: Chemical structure, complete name and abbreviation of the amines part
of perovskites used to prepare nanoparticles

Chemical structure Name Abbreviation
2-phenylethanamine PE

1-Adamantanemethylamine AM

cyclohexylmethanamine CM

Figure 2.30: Sketch for the preparation of organic-inorganic perovskite nanoparticles
by spray-drying method.

mainly one phase is observed, even though a very small additional peak exists aside,

which could be attributed to the presence of another phase. Figure2.33 shows also the

X-ray spectra of the bulk samples dried in the air: a very small additional peak can be

seen in each spectrum, suggesting that the bulk samples display mainly one crystalline

phase but can be weakly polluted by another phase. The X-ray spectra of the PEPI bulk

sample and PEPI based nanoparticles are quite comparable to the ones of PEPI spin-

coated layers we have performed or we can �nd in the literatureMitzi et al. (2001b,1999);

Hattori et al. (1996) and also to X-ray spectra performed in a single crystal of PEPI,

Calabrese et al.(1991); Ishihara (1994) where the layer spacing of the PEPI perovskite
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Figure 2.31: Luminescence, under UV lamp, of the nanoparticles dispersed in hexane:
left, PEPI; right, CMPB.

Figure 2.32: TEM pictures of the nanoparticles (a) AMPI and (b) CMPB. The hollow
character of large particles is quite apparent in (b). Audebert et al. (2009)

is found to be 1.6 nm.

Figure 2.34 reports the photoluminescence spectra of the three nanoparticles sam-

ples. For CMPB based nanoparticles, the maximum of the luminescence is observed

at 411 nm, while the maximum of the absorption occurs at 408 nm, providing a small

Stokes-shift value of 3 nm. This value of the Stokes-shift is quite coherent with the

Stokes-shift value of 4 nm we have measured in a CMPB spin-coated layer. Additionally,

we have reported in Figure2.34 the PL spectra of self-assembled thin layers obtained by
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Figure 2.33: X-Ray di�raction spectra of the (a) PEPI, (b) CMPB, and (c) AMPI
perovskites. The full lines correspond to the spectra of the nanoparticles and the dotted

lines to the spectra of a bulk sample dried in the air.

spin-coating the three perovskites on a glass substrate. It can be seen that the nanopar-

ticles and the thin layers emit in the same range: only a very slight wavelength shift

of several nanometers is observed between the PL maximum energy positions of the

nanoparticles and the spin-coated layers. It is also worth noting that the FWHM of the

PL peaks of the nanoparticles and of the spin-coated layers are of the same order of

magnitude. All these observations lead to the conclusion that the optical characteris-

tics of the nanoparticles do not depend on their size. Following Ishihara et al. and as

explained in Chapter 1, Ishihara et al. (1990, 1989); Ishihara (1995) the bidimension-

nal perovskite spin-coated layers form a crystal which presents a multiple quantum well

electronic structure, having a period of 1.6 nm: the quantum wells consist of lead tetra-

halogenide octahedrons monolayers (thickness around 0.6 nm), and the barriers consist

of the organic alkylammonium layers (thickness around 1 nm). The excitons are strongly

localized in the quantum well layers, that is, in the PbX2�
4 octahedrons, and their Bohr

radius is about 1.7 nm. Hong et al. (1992) The size of the nanoparticles, from 50 to 500

nm, is large compared to the Bohr radius of the excitons so that the optical properties
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of each nanoparticle are dominated by the optical properties of the 2D crystal. The

X-ray spectra con�rm this fact as we have seen previously that the X-ray spectra of the

nanoparticles are quite similar to the ones of the spin-coated layers or of the bulk sam-

ples. As a consequence, we can deduce from our PL and X-ray measurements that each

nanoparticle is a small crystal having a bidimensional perovskite structure, emitting at a

wavelength which does not depend on the size of the nanoparticle. Nevertheless, we have

observed that a slight wavelength shift of several nanometers is observed between the

PL maximum energy positions of the nanoparticles and those of the spin-coated layers.

These di�erences can be assigned to di�erent strain states inside the samples. Indeed,

the nanoparticles and the spin-coated layers have not been grown in the same condi-

tions. Additionally, the boundary conditions are very di�erent between the two kinds of

samples. In inorganic semiconductor crystals, it is well-known that di�erent growth con-

ditions and di�erent boundary conditions induce distortions and di�erent strain states,

inducing some changes in the electronic structure,Gil et al. (1995) so that PL energy

positions are slightly modi�ed.

Figure 2.34: PL spectra of the three nanoparticles samples (solid lines) and of the
spin-coated layers (dashed lines) obtained with the three perovskites (a) PEPI, (b)
CMPB, and (c) AMPI. The excitation wavelength is 325 nm for AMPI and CMPB based
samples and 405 nm for PEPI based samples. The PL curves have been normalized

with their respective maximum intensities.
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2.2.5.2 Solution method

Wet chemistry strategy is a convenient way to synthesize particles. Because it has

no requirement in equipments, all the processes of preparation can be carried on at room

temperature.

This method is carried on by two steps: we �rstly fabricate PbI2 nanoparticles and

then react them with their corresponding ammonium salts. Considering the fabrication

of PEPI particles for example, the generation of PbI2 is executed by reacting lead acetate

trihydrate with HI. In this step the preparation of HI is quite crucial because the concen-

tration and production rate of I � in reaction environment strongly decides the nucleation

and then the growth of PbI2 particles. In order to control precisely the generation speed

of I� , we develop a solution approach, producing gradually I� from CH3I alcoholysis, as

described in the formula2.18:

CH3I + Alcohol ! HI: (2.18)

The iodomethane CH3I assay 99% is purchased from Sigma-Aldrich company. The al-

cohol is used as a mixed solution, for instance methanol mixed with isopropanol (or

other inert solvent such as acetonitrile). The methanol is an active alcohol and it is

nucleophilic but isopropanol is less reactive. Meanwhile we use acetonitrile as a solvent

for the reaction. By adjusting the ratio among the solvent components in the alcohol

mixture, it makes possible the control of the speed of the reaction described in formula

2.18. The reaction is carried on with a re�ux setup heated by an oil bath at 75oC. In

the reaction �ask, we dissolved 1.2 g lead acetate trihydrate in 300 ml acetonitrile and

then add 60 ml methanol to the solution. The reaction process is described in Equation

2.19 and 2.20. The HI generated in solution reacts immediately with the lead acetate

trihydrate in solution. Yellow precipitates of PbI 2 are evidently observed after 3 h of

reaction. We leave the reaction last for one night and then collect the particles of PbI2

dispersed in solution. It is measured by a particle size analyzer that the size of these

particles are around 200 nm.

CH3I + CH3OH ! HI + CH3 � O � CH3: (2.19)

HI + Pb(CH3COO)2 ! PbI2 + CH3COOH: (2.20)

After the fabrication of PbI 2 particles, the second step is to mix organic salts with

them (reaction 2.21).

2(C6H5C2H4NH 2� HI ) + PbX2 ) (C6H5C2H4NH 3)2PbI4: (2.21)

The as-prepared PEI ammonium salt is synthesized as described in Paragraph 2.1. 2g

(over dose) salt of PEI (C6H5C2H4NH2� HI) are dissolved in 30 ml isopropanol and 180 ml
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Figure 2.35: (a) PEPI particles dispersed in toluene solvent. Green luminescence is
observed under UV lamp. (b) Photo under microscope for one drop of PEPI particles

deposited on quartz substrate. The diameter of these crystals is around 2�m.

toluene mixed solvent. The toluene solvent contributes to separate particles. The PbI2

synthesized in the last step is then mixed to PEPI solution. At the moment of mixing, we

see the particles dispersed in solution change from yellow to orange immediately which

indicates the generation of PEPI particles. We wash these particles with toluene two

times and then stock them in a small bottle. A bright green luminescence is observed

when they are excited under a UV lamp as it is shown in photo2.35(a).

To characterize them, one drop of this solution is casted on quartz substrate and

dried by annealing. We observe under microscope that these small pieces of crystals,

crystallized from PEPI particles, are around 2-4�m in diameter. PL spectrum is mea-

sured at room temperature, see Figure2.36 and compared to the PL spectrum of PEPI

thin �lms. The change in PL peak position is very obvious: the PL of PEPI thin �lm de-

posited by spin-coating is centered at 523 nm and that of PEPI particles is at 533.5 nm.

The FWHM of the two perovskites are quite similar: around 16 nm. This bathochromic

shift is also observed with nanoparticles fabricated by spray method, as we have discussed

in the previous paragraph.

However, these PEPI particles still have a problem of large and inhomogeneous size.

To solve this problem, we can try to put the suspending solution containing particles

in a strong ultrasonic bath in order to break large clusters to smaller pieces. Besides,

to optimize the perovskites particles monodispersity, we need to work systematically on

the �rst step of synthesis by testing other alcohols mixture as well as the optimal ratio

among them. In fact, the replacement of methanol by water in alcohol mixture may

help to form HI more quickly. It should enable the generation of PbI2 starting points in

solution to be more temporally synchronous and therefore should lead to the growth of

PbI2 particles more uniform in size.
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Figure 2.36: PL spectra of a 50 nm PEPI thin �lm (blue curve) and PEPI particles
dispersed on quartz substrates (red curve). The excitation source is the 325 nm line of

a HeCd laser.

2.3 Conclusion

This chapter has presented the structural and optical characterization means, as

well as the roughness of the perovskites. We adopt soft chemistry method to synthesize

organic ammonium and perovskites, and spin-coating method is used for depositing 2D

layered perovskites samples. Besides, we explored several other methods to fabricate

nanoparticles and large crystals of perovskites. The solution method we developed is a

convenient way which permits to obtain small size particles at room temperature. And

the spray is actually the most e�cient method to generate nanoparticles with good op-

tical quality and identical sizes. The particles synthesized by the two methods are well

photoluminescent under UV excitation, and X-di�raction experiment on the nanoparti-

cles obtained by spray reveals that these particles are of oriented crystal structure. For

growing crystal bulks, we mainly tried the room temperature evaporation method and

worked on several di�erent solvents. It has been proved that the control of the growth

speed is very important. Too fast growth process will lead to small sized and no lu-

minescent crystals, which indicates that it should take relatively longer time to form

perovskite crystal bulks with good quality at room temperature and in air atmosphere.

Therefore, the choice of solvent is critical. With the method developed, we �nally ob-

tained a 7 mm � 5 mm � 3 mm PMPI crystal grown by slow solution exchange method

with acetone and ether solvent, and a 8 mm� 4 mm �15 mm PEPI crystal grown from
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mixed solution nitromethane/acetone, which shows bright green photoluminescence at

room temperature.



Chapter 3

Flexibility of 2D-layered perovskites

Among all the unique features of 2D-layered perovskites, one of the most important

is their strong �exibility. Combining attributes of organic and inorganic materials in

each compound molecule, the electronic band structure of perovskites can be modi�ed by

either changing organic ammonium group or the elements in inorganic lead halide part. In

this section, we will focus our attention on the study of �exibility of perovskites regarding

their optical characteristics. From some experimental results, several important factors

that a�ect excitonic bands, photoluminescence e�ciency and surface quality will be

discussed, in order to �nd some tendencies allowing to select and design perovskites

molecules presenting optimized properties.

3.1 Flexibility of organic moiety

The �exibility of perovskites mainly thanks to the variety of their organic parts. The

in�nite diversi�cation of the large organic molecules family, combining with the support

of organic synthesis methods, provides us a great freedom to choose the molecules that

we desire and enables us to realize plenty of new chemical structures with interesting

properties.

From a great deal of experimental research works, we have observed that each kind

of perovskites �lm exhibits di�erent photoluminescence intensity and absorbs di�erent

quantity of photons under some given excitation conditions, depending on the nature

of the organic moiety. This phenomenon may be due to the self-organization ability of

perovskite molecules, which is related to their intrinsic properties. As mentioned earlier,

the optical properties of perovskites depend on the conformation of MX4�
6 octahedra in

inorganic sheets as well as the chemical structure of organic molecules. For 2D-layered

perovskites, the size of their organic cations exceeds the tolerance factor. They are

therefore too big to �ll in the rigid 12-fold holes between the octahedra so they ex-

tend to the space between layers. We have introduced in Paragraph 1.1.1.1 that PbX2

59
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based 2D-layered perovskites can be generally sorted into two groups: (R-NH3)2PbX4

for monoammoniums and (NH3-R-NH3)PbX 4 for diammoniums, where the organic R

cation is generally a long alkylammonium or a single benzene ring combined alkylam-

monium. The interaction between organic cations hold together the whole framework

of perovskites. Consequently, the lengths of alkyl chains and the R type will dramat-

ically in�uence the molecular rigidity as well as the distance between inorganic sheets

and furthermore the self-assembly ability, it can also in�uence the contrast of dielectric

constants between organic and inorganic layers.

3.1.1 (R-NH 3)2PbX 4 perovskites

To investigate the in�uence of the organic cations on the optical properties of the (R-

NH3)2PbX4 2D-layered perovskites , three groups of perovskites �lms based on di�erent

lead salts: lead bromide, lead iodide and lead chloride, have been prepared. The amines

used in organic parts are listed in table3.1.

Table 3.1: Chemical structure, complete name and abbrevia-

tion of the amines part of perovskites used in experiment

Chemical structure Name Abbreviation

Cyclohexanamine C

Cyclohexylmethanamine CM

2-Cyclohexylethanamine CE

2-Cyclohexenylethanamine CHE

C-(Tetrahydro-pyran-3-yl)-methylamine TPMA

(Tetrahydrofuran-2-yl)methanamine TFM

5-Methyl-2-furanmethanamine MFM

Cyclooctanamine CO
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2-Cyclooctyl-ethylamine COE

Phenylmethanamine PM

2-Phenylethanamine PE

3-Phenylpropan-1-amine PP

2-Aminoindan A5

1,2,3,4-Tetrahydro-naphthalen-2-ylamine TNY

Chroman-3-ylamine CY

N-(2-Aminoethyl)phthalimide PH

N-(2-Aminoethyl)naphthalimide hydroiodide APHI

1-Adamantanamine A

1-Adamantanemethylamine AM

Myrtanylamine M
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Thin layers of these perovskites are prepared on quartz substrates by spin-coating

and annealed on hot plate. We measure the OA and PL spectra for each of these per-

ovskites �lms, modi�cations of the energy gap and of the optical properties are observed.

Figures 3.1, 3.2 and 3.3show the OA and PL spectra for these amine based lead bromide,

lead iodide and lead chloride perovskites respectively.

Figure 3.1: (a) Optical absorbance (OA) and (b) PL spectra of lead iodide 2D layered
perovskites containing 10 di�erent organic groups. PL curves are normalized. The
curves are displaced vertically for clarity. The experiments are carried on at room
temperature and the excitation source for PL is the 325 nm line of a HeCd laser, the

power is 1 mW.

We notice that the wavelength positions of the OA and PL maxima vary a little bit

among each given PbX2�
4 group. The Stokes-shifts of perovskites are small, of the order

of several nm. In "PB" group it is generally a little bit larger than in "PC" group and a

little bit smaller than in "PI" group: see Table 3.2 to compare PI and PB groups, Stokes-

shifts of PMPC, PEPC and CMPC are 2 nm, 0.7 nm and 1.4 nm respectively. In fact,

the optical properties of 2D-layered perovskites are closely correlated with their quantum

well structure which refers to two aspects. One of this aspect is the dielectric constant

contrast between organic sheets and inorganic sheets: di�erent organic molecules with

di�erent dielectric properties will certainly cause variations of the band gap. The other

aspect is related to the precise structure of the inorganic sheets, such as the bond angles

and the bond lengths in metal halide unionsMitzi et al. (2001). On one hand, it depends

on the speci�c element type of "M" and "X". On the other hand, organic cations
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Figure 3.2: (a) Optical absorbance (OA) and (b) PL spectra of lead bromide 2D
layered perovskites containing 9 di�erent organic groups. PL curves are normalized
with their respective maximum intensities. The curves are displaced vertically for
clarity. The experiments are carried on at room temperature and the excitation source

for PL is the 325 nm line of a HeCd laser, the power is 1 mW.

in some extent will in�uence the inorganic sheets by deforming the MX4�
6 octahedra

di�erently. For example, changing the alkyl chain length not only changes the distance

between main organic groups and inorganic sheets, but also changes the orientation of

the main organic group. When the bi-organic layers interact with each other to form a

self-organized 2D-layered perovskites, di�erently orientated main organic groups distort

the MX 4�
6 octahedra in di�erent ways, therefore resulting in slightly di�erent optical

properties.

We will now study the in�uence on the PL e�ciency of several characteristics of the

organic moiety: length of the alkyl chain, steric encumbrance and structure �exibility of

R. In order to compare the photoluminescence e�ciency of the di�erent perovskites thin

layers, we de�ne the ratio � = I=(P laser � a), where I is the integrated intensity of the

photoluminescence peak,Plaser is the excitation power anda is the absorption factor of

this material at the excitation wavelength. Since the PEPI �lm is one of the perovskites

which presents the best photoluminescence e�ciency and has been the most frequently

studied in literature, we take the PL e�ciency ratio of PEPI �=1 as a reference. The

PEPB photoluminescence e�ciency is thus found to be 3.59. Note that the "PB" group

perovskites usually have superior PL e�ciency than the "PI" group.
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Figure 3.3: (a) Optical absorbance (OA) and (b) PL spectra of lead chloride 2D
layered perovskites containing 10 di�erent organic groups. PL curves are normalized.
The curves are displaced vertically for clarity. The experiments are carried on at room
temperature and the excitation source for PL is the 325 nm line of a HeCd laser, the

power is 1 mW.

3.1.1.1 In�uence of the length of the (CH 2)n alkyl chain in (T-(CH 2)nNH 3)2PbX 4

We �rstly consider the case n = 0: CPB, APB, MPB and COPB for the bromide

perovskites, CPI, API, MPI and COPI for the iodide perovskites. The PL e�ciencies of

CPB, APB, MPB and COPB of the bromide perovskites are calculated to be 0.23, 0.12,

0 and 0.07 respectively; for CPI, API, MPI and COPI, the PL e�ciencies are found to be

0.09, 0.02, 0.18 and 0.04 respectively. See Table3.2. These values are quite low, that may

be due to the fact that the ammonium unit penetrates the inorganic sheet when it binds

to the metal halide octahedron through hydrogen bonding. The three hydrogen bondings

on each ammonium head are generally formed either by two bridging halogens and one

terminal halogen (as shown in Figure1.3) or by one bridging halogen and two terminal

halogens due to the geometry constraint of the ammonium unitMitzi (1999b,2001a). If

the main organic group is small enough to �t into the hole within the inorganic sheet,

the perovskite will become a 3D (R-NH3)MX 3 structure instead of the 2D (R-NH3)2MX 4

one. In the 3D case, the exciton binding energy is four times smaller than that in a pure

2D case, that makes its PL more di�cult to form at room temperature. Additionally,

for these n=0 perovskites, the alkyl chain is too short to remove the main organic group

away from the ammonium unit and the 2D self-organization can not occur.



Chapter 3 Flexibility of 2D-layered perovskites 65

Table 3.2: Stokes-shift and PL e�ciency of some 2D layered perovskites, from Figures
3.1 and 3.2. PL e�ciencies � are calculated as explained in the text, relatively to the

PL e�ciency of PEPI, �xed at the value 1.

Name stokes-shift(nm) �
(a)
CPI 4.1 0.09
CMPI 4.9 0.58
CEPI 14.6 0.54
PMPI 5.9 0.16
PEPI 5.8 1
PPPI 19.4 0.07
API 46.7 0.02
AMPI 9.2 0.09
MPI 33 0.18
COPI 20.8 0.04
COEPI 2.9 0.27
(b)
CPB 68.6 0.23
CMPB 4.0 7.64
CEPB 2 1.16
PMPB 4.2 0.69
PEPB 4.2 3.59
PPPB 6.4 0.15
APB 119.9 0.12
AMPB 81 0.18
MPB - 0
COPB 64.2 0.07

Now let's examine the in�uence of n for a �xed characteristic of T. The alkyl chain

plays as a spacer, it enables to remove the T unit away from the -NH+3 head which is

tied to inorganic sheets. In the series PMPX, PEPX, PPPX containing phenyl-based

molecules, the alkyl chain length has been systematically varied from 1 to 3 carbon

atoms, and in the series CPX, CMPX, CEPX containing cyclohexane-based molecules,

the length of the alkyl chain has been varied from 0 to 2 carbon atoms. Experimental

results show that the PL e�ciencies � are improved by the introduction of the alkyl chain

spacer: the PL e�ciencies of CMPB (CMPI) and CEPB (CEPI) are much higher than

that of CPB (CPI), the PL e�ciency of PEPB (PEPI) is higher than that of PMPB

(PMPI), see Table 3.2. It can also be seen that the PL e�ciencies are highly sensitive to

the value of n: for the series PMPB, PEPB, PPPB, when n increases from 1 to 2, the PL

e�ciency becomes �ve times higher. However, when n increases further from 2 to 3, the

PL e�ciency of PPPB is only 4% that of PEPB. Therefore, changing the length of the

alkyl chain, even by only one carbon atom, can drastically change the optical properties

of 2D-layered perovskites. Note that the optimal value of n is di�erent depending on the

T-group of the perovskites: a clear maximum of the PL e�ciency is obtained for n = 1
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in the case of the cyclohexane-based perovskites, while it is for n = 2 in the case of the

phenyl-based perovskites.

3.1.1.2 In�uence of the steric encumbrance of R

In order to investigate the in�uence of the steric encumbrance of R on the optical

properties of 2D-layered perovskites, we �x the length of the alkyl chain spacer n =

1 and compare the bromine-based perovskites PMPB, CMPB, AMPB, MPB, and the

iodine-based perovskites PMPI, CMPI, AMPI, MPI. Figures 3.2 (a) and (b) show that

the excitonic absorption and PL peaks of PMPB and CMPB are much more pronounced

than those of AMPB and MPB, the PL e�ciencies of PMPB and CMPB are higher than

that of AMPB (Table 3.2(b)). The same trend can also be found from the OA and PL

spectra of PMPI, CMPI, AMPI and MPI in Figure 3.1, Table 3.2(a). In addition, we

have noted that the deposition by spin-coating of the AMPX and MPX perovskites on

a glass substrate is not good, indicating that the self-assembling is di�cult. The di�er-

ence between PMPX, CMPX and AMPX, MPX, comes from their main organic group:

the adamantane and myrtanyl are more voluminous than the phenyl and cyclohexane

groups. In fact, the steric encumbrance of the organic molecule is quite important. If the

projection of the cross-sectional area of the organic molecule on the inorganic sheet can

approximately �t into the space provided by the square outlined by the terminal halogens

from four adjacent corner sharing octahedra, the structure will be able to accommodate

the discrepancy by allowing the organic molecules to tilt or interdigitate, and in this case,

2D self-organization is possible and PL e�ciency is correctMitzi (1999b). However, if

the area required by the organic molecule is too large, the perovskite structure is not

able to adapt and a di�erent structural type will be formed. In this latter case, the PL

e�ciency will be low.

Therefore the cross-sectional area of T should be neither too large nor too small

compared to one period of the inorganic sheet lattice. Since the exact orientation of the

organic groups T in the 2D layered perovskite is not known, it is impossible to calculate

precisely the projection area on the inorganic sheet, but it is possible to estimate it. The

maximum atomic distances in T for phenyl, cyclohexane, adamandane and myrtanyl are

estimated to be 4.97 Å, 5.00 Å, 5.03 Å and 5.84 Å , respectively, from simulation with the

software GAUSSIAN. In the bi-organic layer con�guration (R-NH 3)2PbX4, two organic

groups R should �t into the space of one period of the inorganic sheet lattice, that is to

say, if we take the lattice constants of lead halide inorganic sheets: 5.657Å for PbCl2,

5.90Å for PbBr2 and 6.33Å for PbI2. The phenyl and cyclohexane are plate-shaped, so

that two R groups can be aligned face to face and �t into the area of the inorganic lattice.

However, the adamantane and myrtanyl are stereo-shaped and it is very di�cult to �t

two R groups into one lattice space. This is why bulky R molecules such as adamantane

or myrtanyl are not favorable for producing bi-organic 2D-layered perovskites.
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It should be noted that for a R group which is favorable for one kind of perovskites

containing halogen X, it isn't always also favorable for another halogen X'(X, X' = Cl, Br

or I). For example we have prepared PH amine based perovskites with PbX2�
4 (X = Cl,

Br and I). We saw good PL for PHPI perovskites, weak PL for PHPB perovskites, but

very poor optical properties for PHPC. The reason is that the size of PbX4�
6 octahedra

decreases from I, Br to Cl. Accordingly, the space provided by the square outlined by

the terminal halogens from four adjacent corner sharing octahedra decreases at the same

time. The PH amine structure matches well with PbI4�
6 but is too big for PbBr 4�

6 and

PbCl4�
6 . Following PHPI, another perovskite APHPI which has a similar structure was

also synthesized. Comparing the structure of their organic parts, they have both approx-

imately �at shapes and the length from the ammonium head to the benzene ring end is

almost the same. Whereas, APHI ammonium has an additional benzene ring compared

to PHI ammonium, which increases the horizontal width by 3.3 Å. Consequently, the

PbI4�
6 matrix cannot a�ord its big volume in ordered crystal arrangement. Therefore

the self-organization is not possible and no PL signal from APHPI is detected.

3.1.1.3 In�uence of the structure �exibility of R

a) In�uence on optical properties

Let us now compare the PMPB and CMPB perovskites where the alkyl chains have

the same lengths. We �nd that the PL e�ciency of CMPB is 11 times higher than that

of PMPB. And it is even two times higher than that of PEPB. This improvement in the

PL e�ciency is believed to be due to the higher �exibility of the cyclohexane structure

compared with the phenyl structure. There are generally two kinds of con�gurations

of cyclohexane as it is presented in Figure3.4. They can form either like a "chair" or

a "boat". On the contrary, for benzene, the strong intramolecular interactions in the

phenyl moiety make its structure rather rigid and result in a con�guration completely

�at. The structure of the cyclohexane moiety being relatively more �exible than the

phenyl moiety, it results in a better match with the inorganic sheet. This trend is

con�rmed again with the CHEPB perovskite, which presents PL e�ciency smaller than

that of CEPB: the organic part CHE has less �exibility than the organic part CE.

The rigidity of organic moieties can be further adjusted by �ne modi�cation in

chemical structure. The TPMA and TFM amines with an oxygen atom on cyclohexane

becomes less �exible because the two C-O bonds beside the oxygen atom are much more

rigid than C-C bond. Analogically, with a -O- in 5 carbons cycloalkane structure, and

further two more double bonds as "C=C", MFM is even more rigid than TPMA and

TFM. For the perovskites based on A5, TNY and CY, we introduced a cycloalkane

structure between the benzene cycle and their -NH+3 head. Comparing with PE based

perovskites, the motion of con�ned alkyl chain part is undoubtedly limited and thus
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Figure 3.4: Structural con�gurations of benzene and cyclohexane.

more rigid than single alkyl chain in PE amine. Consequent changes are observed in their

properties: from Figure 3.3, we see that the resonance bands of A5PC, TNYPC, CYPC

shift to higher energy than PEPC. Also, those of TPMAPC, TFMPC and MFMPC shift

to higher energy than CMPC. We think that this phenomenon is closely related to the

structure rigidity of the organic part.

b) In�uence on surface quality

Since the self-assembly property of perovskites results from noncovalent interactions

among molecules, it depends a lot on the properties of organic components which have a

direct in�uence on arrangement of the molecules during crystal growth. The crystalliza-

tion patterns (sizes and shapes) of a perovskite thin �lm deposited by spin-coating from a

certain solution concentration are relatively reproducible. Figure3.5 presents the images

of PEPI and PMPI thin �lms observed under microscope. It is clearly seen that the size

of the crystallites of PMPI is larger than those of PEPI which is one explanation of the

reasons why the PMPI surface roughness is larger than the PEPI surface roughness.

(a) PEPI thin �lm (b) PMPI thin �lm

Figure 3.5: Images under microscope for (a) a PEPI thin �lm and (b) a PMPI thin
�lm

We �nd that the thin �lms obtained from phenyl-based perovskites have smoother

surfaces than those obtained from other kinds of perovskites such as cyclohexane-,
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myrtanyl- etc.. The reason is that the phenyl-based ammoniums interact with each

other by � � � stacking while the other kinds of ammoniums interact by Van der Waals

or hydrogen interactions. The former force is much stronger than the latter two cases

, it therefore associates more tightly the perovskites structure between sheets. As seen

in Figure 3.6, some chloride based perovskites: PEPC, A5PC, CMPC and TPMPAPC,

which are deposited from a 1.5 wt% solution by spin-coating, are observed under a micro-

scope. Comparing (a) and (c), we see obvious di�erences in surface continuity: CMPC

(a) PEPC thin �lm (b) A5PC thin �lm

(c) CMPC thin �lm (d) TPMPAPC thin �lm

Figure 3.6: Images under microscope of PEPC, A5PC, CMPC and TPMPAPC thin
�lms. The small chemical structures included in each image represent the corresponding

organic amines in perovskites

�lm presents much more areas without deposition than PEPC �lm. To study the surface

roughness, the topography of these samples is measured by an AFM in an area of 20

�m�20 �m, as shown in Figure 3.7. From (a) and (c), we �nd that the average roughness

of PEPC is 7.3 nm, which is much smaller than that of CMPC, 17.2 nm.

Besides the reason of the type of interaction between organic groups, another trend

we �nd is that slight modi�cation of the organic moiety structure can further optimize

the surface smoothness of thin �lms. As seen in Figure3.6(b), the A5PC belonging to

a group of phenyl-based perovskites with more restrained structure in the alkyl chain

(like CYPC and TNYPC), is relatively more rigid than PEPC and leads to more �at

conformation in ammonium molecular con�guration. The molecules in organic sheets

can thus better stack with each other resulting in a smoother �lm surface. Similarly,

the TPMPAPC, with an oxygen atom introduced in cycloalkane, becomes less �exible at

each side of -O- and is more �at in plane than CMPC. It therefore exhibits better surface
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(a) PEPC thin �lm (b) A5PC thin �lm

(c) CMPC thin �lm (d) TPMPAPC thin �lm

Figure 3.7: AFM images of PEPC, A5PC, CMPC and TPMPAPC thin �lms. The
vertical cross-sections marked with white dotted lines in (a), (b), (c) and (d) are pre-

sented in graphs below, for each perovskite thin �lm.

quality. Figure 3.7(b) and (d) present the topographies of A5PC and TPMPAPC thin

�lms, their roughnesses are found to be 2.7 nm and 6.0 nm respectively. Comparing with

their corresponding perovskites with less rigid structures: CMPC and PEPC, a great

improvement in surface quality is obtained.

3.1.2 (NH 3-R-NH 3)PbX 4 perovskites

Besides the monoammoniums, some perovskites based on diammoniums have been

synthesized. While (R-NH3)2PbX4 perovskites experience weak interactions between

organic parts, the (NH3-R-NH3)PbX 4 perovskites with two -NH+
3 heads have more tight

connections: covalent bonds between inorganic sheets.
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The 2D-layered perovskites samples are deposited by spin-coating with a thickness

of about 50 nm. Table 3.3 shows some diammoniums we use to prepare perovskites.

Table 3.3: Chemical structure, complete name and abbrevi-

ation of the amines part of some diammoniums perovskites

used in experiment

Chemical structure Name Abbreviation

1,3-Diaminopropane 13D

1,4-Diaminobutane 14D

1,6-Hexanediamine 16D

C-(Tetrahydro-pyran-3-yl)-methylamine 18D

1,12-Dodecanediamine 112D

Trimethylhexamethylenediamine

(2,2,4- and 2,4,4- mixture)
TMD

1,3-Cyclohexanebis(methylamine) C3D

1,4-Cyclohexanebis(methylamine) C4D

3(4),8(9)-Bis(aminomethyl)

tricyclo [5.2.1.0] decane
TCD

1,4-Phenylenedimethanamine P4D

Optical properties of lead bromide perovskites based on these ammoniums have been

studied from OA and PL measurements. Spectra are shown in Figure3.8.

The 13DPB, 14DPB, 16DPB, 18DPB and 112DPB are a series of (NH3-(CH2)n -

NH3)PbBr 4 perovskites, with n=3, 4, 6, 8, 12. We vary the n value in the aim to

adjust the distance between inorganic sheets and �exibility of perovskites alkyl chain.

When n grows, the �exibility of alkyl chains increases. From the OA and PL spectra,

we see that these lead bromide perovskites absorb in near UV range, PL peak position

varies from several nm with n. In the Table3.4, OA, PL peak positions and relative PL

e�ciency of these perovskites (supposing�=1 for 112DPB in this group) are reported.
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Figure 3.8: (a) OA and (b) PL of some lead bromide diammoniums based 2D layered
perovskites. PL curves are normalized. The curves are displaced vertically for clarity.
The experiments are carried on at room temperature and the excitation source for PL

is the 325 nm line of a HeCd laser, the power is 1 mW.

It is found that the PL e�ciencies of TMDPB, TCDPB, 13DPB, 14DPB and 16DPB

are relatively inferior to PL e�ciency of 112DPB. And it seems that the organic amines

conformations of TMDPB and TCDPB are not favorable for the self-organization. For

13DPB and 14DPB which have the most rigid structure in this series, nearly no PL

emission is detected. The� value is slightly improved in perovskites C3DPB, C4DPB

and P4DPB in which the diammoniums have a distance of 5, 6 and 6 carbons respectively

between the two -NH+
3 heads, but with a cyclo- or -phenyl structure in the middle of

their alkyl chain. This particular structure is similar to the n=5 and n=6 (NH 3-(CH2)n -

NH3)PbBr 4 perovskites but more rigid than them because being restrained by cyclo- or

-phenyl structures. PL e�ciency is higher in 16DPB perovskites which are more �exible

than C4DPB and P4DPB perovskites. And when n increases from 3 to 12, PL e�ciency

increases:�=1 for n=12 (112DPB) but �=0.002 for n=3 (13DPB), so about 500 times

larger e�ciency is obtained for n=12.

With the optimized values n=8 and n=12 for diammoniums, we then prepare the

lead iodide perovskites 18DPI and 112DPI. The OA and PL spectra at room temperature

are measured and shown in Figure3.9, the spectral informations are summarized in Table

3.5, we suppose the� value of PEPI is 1 among this group. The PL peak of 18DPB

lies at 376 nm, which is very di�erent from the energy position of the PL peaks of

112DPB and PEPI. Additionally, comparing the � values, 3.5 times smaller PL e�ciency

is obtained when n value varies from 12 to 8. The 112DPI �lm absorbs and emits at
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Table 3.4: OA and PL spectral informations of some lead-bromide diammoniums
based perovskites (from Figure3.8). � OA and � P L are the wavelength of the OA and
PL maxima respectively, a325 is the absorption coe�cient at 325 nm. PL e�ciencies �
are calculated as explained in the text, relatively to the PL e�ciency of 112DPB, �xed

at the value 1.

Name � OA (nm) a325 � P L (nm) �
13DPB 365.5 0.148 447.0 0.002
14DPB 392.1 0.524 396.2 0.002
16DPB 387.8 0.472 394.9 0.142
18DPB 398.0 0.108 404.1 0.390
112DPB 396.5 0.098 401.5 1
C3DPB 391.0 0.761 393.5 0.022
C4DPB 406.0 0.472 408.9 0.045
P4DPB 400.0 0.138 404.8 0.099
TMDPB 384.0 0.234 398.4 0.006
TCDPB 383.0 0.257 401.1 0

Figure 3.9: (a) OA and (b) PL of 18DPI, 112DPI lead iodide diammoniums based 2D
layered perovskites. PEPI OA and PL spectra are reported as reference. The samples

are excited with the 325 nm line of a HeCd laser at 1 mw in air.

508 nm and has good optical properties: relatively thin and intense PL peak is seen,

comparing with the standard layer PEPI, its PL e�ciency is about 0.59 times the one of
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Table 3.5: OA and PL spectral informations of 18DPI, 112DPI lead iodide diammo-
niums based 2D perovskites, from �gure3.9. PEPI values are reported as a reference.
PL e�ciencies � are calculated as explained in the text, relatively to the PL e�ciency

of PEPI, �xed at the value 1.

Name � OA (nm) a325 � P L (nm) �
18DPI 376.0 0.282 493.3 0.17
112DPI 502.0 0.61 507.9 0.59
PEPI 516.5 0.55 524.1 1

PEPI. Furthermore, topography properties of 18DPI and 112DPI �lms are characterized

by AFM measurements on a 5�m � 5 �m dimension zone of each sample, see Figure

3.10. The thicknesses of 18DPI and 112DPI are 55 nm and 51 nm respectively. On the

surface of 18DPI, crack structures appear, the average roughness is� = 7.6 nm. 112DPI

is smoother with � = 3.6 nm. So we con�rm here the correlation between the optical

properties and surface properties.

(a) 18DPI thin �lm, � = 7.6 nm (b) 112DPI thin �lm, � = 3.6 nm

Figure 3.10: Topography of a 55 nm 18DPI thin �lm and a 51 nm 112DPI thin �lm.

3.2 Mixed perovskites

In this section, we will present another way of tuning the optical properties of per-

ovskites. In previous Paragraph 3.1, each perovskite compound consists of one single kind

of organic ammonium cation and one single kind of inorganic anion. In this paragraph,

we will study two groups of mixed perovskites: the group with mixing of halogenide ions

in the organic part: (R-NH3)2PbYxZ4�x and the group with mixing of the ammonium

cations in the organic part: (RR'-NH3)PbX 4. This study enlarges the possibilities to fab-

ricate new types of perovskites by combining the properties of some known perovskites,

and no doubt opens a wide way for their applications.
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3.2.1 Mixing in the inorganic part: mixed perovskites (R-NH 3)2PbY xZ4�x

3.2.1.1 Mixed perovskites (R-NH 3)2PbY xZ4�x

A typical way to fabricate the mixed perovskites (R-NH3)2PbYxZ4�x is to mix the

inorganic salts of two di�erent kinds of halogens while keeping the organic moiety unique,

x is the molar ratio between Y and Z halogens. The synthesis of (C6H5C2H4NH3)2PbClxBr4�x

and (C6H5C2H4NH3)2PbBrx I4�x is reported in referenceKitazawa (1997a) but the op-

tical properties are not studied in details in this paper. Here we synthetize some mixed

perovskites (C6H5C2H4NH3)2PbClxBr4�x which we abbreviate as PEPCxB4�x . The

synthesis method simply consists in mixing the PEPC and PEPB solutions in a certain

ratio : for example to prepare the solution in a concentration of 0.05 mol/L of PEPC2B2

mixed perovskite, where the Cl and Br are 1 :1 in molar quantity, we need to take the

same volume of PEPC 0.05mol/L DMF solution and PEPB 0.05 mol/L DMF solution

and mix them together. The 2D-layered �lm is then prepared by spin-coating this 0.05

mol/L solution on quartz slides at 2000 rpm for 30 seconds, followed by an annealing at

95 oC for 1 min. The thickness is about 25 nm.

Similarly, we prepare another series of mixed perovskites CMPCxB4�x . We choose

in particular the CM group because the chemical structure of CM (see its structure in

table 3.1) is more stable than PE, as we will see in Chapter 4. Samples are prepared

from their 0.026mol/L in DMF solution and deposited by spin-coating.

In order to con�rm the crystal structure of the mixed perovskites we have fabricated,

XRD measurements are carried on for these series of perovskites. The XRD experiments

have been performed in ECNU, China, on a Rigaku Ultima IV type equipment, at CuK� .

The resolution is 0.01o and scan speed is 10o/min. The XRD spectra are presented in

Figures 3.11 for PEPCxB4�x and Figure 3.12 for CMPCxB4�x . Sharp di�raction peaks

are seen, which reveal that these crystals are well self-organized structures, presenting a

single phase. A quantitative study could not be made, but it can be seen that the position

of the �rst di�raction peak slightly and continuously varies when the concentration x

varies, indicating that the lattice parameters of the mixed perovskites vary between the

lattice parameters of the pure perovskites.

OA and PL spectra of these �lms are measured at room temperature and reported in

Figure 3.13for PEPCxB4�x and in Figure 3.14for CMPCxB4�x . A very important thing

has to be noticed �rst, which is surprising: we don't observe two peaks corresponding to

the pure bromide and chloride perovskites, but only one OA (PL) peak, lying between the

OA (PL) peaks corresponding to the pure bromide and chloride perovskites. When some

Br atoms in bromide perovskites are replaced with a percentage of Cl atoms, the OA and

PL peaks gradually shift to shorter wavelength. As a consequence of this experimental

observation, we can a�rm that we have not some distinct clusters of bromide and chloride

perovskites inside the layer, but really we have a crystal where the Br and Cl atoms are
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Figure 3.11: (a) X-ray Di�raction pattern for PEPC x B4�x mixed perovskites fabri-
cated on quartz substrate. The solutions used for deposition are 0.05 mol/L. The insert
graph (b) is the a zoom of the �rst peak around 6.35o. The insert graph(c) shows the

evolution of the peak position of the �rst mode versus x value.

distributed in a randomized way inside the inorganic layers, that is to say that each Pb

atom is surrounded by both Br and Cl atoms, as seen in Figure3.15.

Thus we can have the idea that the band gap modulation with concentration can be

analyzed as in the ternary inorganic alloys such as as Ga1�x Al xAs, ZnSexTe1�x .... Nau-

mov et al. (1993); Yang et al. (2003) The concentration dependent energy gap variation

can be described phenomenologically by the following second degree equation3.1:

Eex(x) = E ex(4)
x
4

+ E ex(0)(1 �
x
4

) � b
x(4 � x)

16
: (3.1)

b is named the bowing parameter, Eex(4) and Eex(0) are the exciton energies of the

pure perovskites. For CMPCxB4�x , the �tting of the experimental results, exhibited in

Figure 3.16, provides babs = 0.208 eV for the �tting of the OA peak positions (E abs
ex (0)

= 3.08 eV and Eabs
ex (4) = 3.73 eV are �xed from the OA spectra of CMPB and CMPC

respectively) and bP L = 0.4099 eV for the �tting of the PL peak positions (E P L
ex (0) =

3.04 eV and EP L
ex (4) = 3.69 eV are �xed from the PL spectra of CMPB and CMPC

respectively).

Furthermore it can be seen in Figures3.13 and 3.14 that the OA and PL peaks of

the mixed perovskites are broader than the OA and PL peaks of the pure perovskites.
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Figure 3.12: (a) X-ray Di�raction pattern for CMPC x B4�x mixed perovskites fab-
ricated on quartz substrate. The solutions used for deposition are 0.026 mol/L. The
insert graph (b) is the a zoom of the �rst peak around 6.35 o. The insert graph (c)

shows the evolution of the peak position of the �rst mode versus x value.

The FWHM of OA and PL peaks of CMPCxB4�x are reported in Figure 3.16(b): the

FWHM of pure perovskites CMPB and CMPC are typically 108 meV for OA of CMPB,

69 meV for PL of CMPB, 136 meV for OA of CMPC and 85 meV for PL of CMPC. For

mixed crystals, FWHM is larger and the largest FWHM is seen for x= 2 (216 meV for

OA of CMPC2B2). x = 2 corresponds to the maximum of disorder of the distribution of

Br � and Cl� halogens around each Pb atom.

These two features: the continuous shift of the OA and PL peaks of the mixed

perovskites between the peaks of pure perovskites, and the existence of a maximum for

FWHM at x = 2, corresponding to the greatest disorder, can be found also in ternary

inorganic semiconductors alloys such as Ga1�x Al xAs. In these ternary alloys, the Al

atoms are randomly distributed on the Ga sites. The excitons are Wannier excitons

having a large Bohr radius (about 100 Å), then the excitonic wavefunction covers a

large number of elementary cells and the excitonic properties are averaged properties.

In our mixed perovskites, the fact that we �nd similar alloy e�ects indicates that the

exciton wavefunction covers enough elementary cells to produce an averaging e�ect of

the optical properties. It provides thus an important information about the excitonic

properties: with exciton binding energies as high as several 100 meV, it can be thought

that the excitons are very localized ones, Frenkel excitons. But the experimental �ndings

concerning the alloy e�ect seem to indicate that the excitonic wavefunction is delocalized
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Figure 3.13: (a) Optical absorbance (OA) spectra and (b) Photoluminescence (PL)
spectra of PEPCx B4�x thin �lms. PL spectra are normalized. The excitation source
is the 325 nm line of a HeCd laser and the spectra are measured at room temperature.

(c) Evolution of the resonance peaks positions as a function of x value.

enough in the layers plane (over several elemenary cells) to produce an average of the

excitonic properties.

In Figure 3.16(c), the Stokes-shift between OA and PL spectra is reported as a

function of the concentration x for CMPCxB4�x . It can be seen that the Stokes-shift is

of the order of several meV, so relatively small, indicating that the excitons are probably

free excitons or slightly bound excitons. But it can be also seen that the Stokes-shift

of the mixed perovskites is larger than the Stokes-shift of the pure perovskites: the

largest Stokes-shift happens for x=2. These changes of Stokes-shift can be attributed to

deformation of inorganic layer caused by lattice distortion in mixing crystals.

In order to have more information about these mixed perovskites, we have performed

low-temperature (10 K) OA spectra. Figures3.17 and 3.18 show OA spectra for several

PEPCxB4�x and CMPCxB4�x perovskites respectively. The absorbance peaks lie at

3.055 eV, 3.175 eV and 3.635 eV for PEPB, PEPC1B3 and PEPC respectively, and the

absorbance peaks lie at 3.01 eV and 3.176 eV for CMPB and CMPC1B3 respectively.

From the energy di�erence between the main resonant peak and the step-like struc-

ture, we can deduce an order of magnitude of the exciton binding energy: 332 meV for

PEPB, 448 meV for PEPC, and the exciton binding energies of the mixed perovskites

are of the same order of magnitude : 348 meV for PEPC1B3, 449 meV for CMPC1B3.
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Figure 3.14: (a) Optical absorbance (OA) and (b) Photoluminescence (PL) spectra
of CMPCx B4�x . PL spectra are normalized. The excitation source is the 325 nm line
of a HeCd laser and the spectra are measured at room temperature. (c) Evolution of

the resonance peaks positions as a function of x value.

Figure 3.15: Schema of PbClx Br2�
4�x mixed wells. The Br and Cl atoms are distributed

in a randomized way inside the inorganic layers.

Photobleaching measurements are carried on at room temperature in order to ex-

amine the photostability of the series of mixed perovskites. The �lms are exposed under

the 325 nm line of a HeCd laser, with a power of 7 mW during 1 hour. See Figure3.19(a)

for CMPCxB4�x and (b) for PEPCxB4�x . The ratio between the PL intensity at the last

second (at 3600 s) I3600 and the initial intensity (at 0 s) I 0 is reported in Figure 3.19(c).

PEPC shows a better photostability than PEPB: it can be seen that PEPCxB4�x ex-

hibits a photostability which is intermediate between PEPB and PEPC, so in this case

also, the optical properties of the mixed perovskites seem to be averaged between the
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Figure 3.16: (a) OA and PL peak positions, (b) FWHM, and (c) Stokes-shift for
CMPCx B4�x mixed perovskites. Data informations are extracted from OA and PL

spectra in Figure 3.14. Parameters used for the �ts are indicated in the text.

Figure 3.17: (a) OA spectra measured at 10 K in He environment for PEPCx B4�x

mixed perovskites with x=0, 1 and 4. The insert graph (b) is a zoom of x = 1 case, in
order to see clearly the step-like structure.

optical properties of the pure perovskites. We have however to note that CMPCxB4�x

shows another behavior: CMPC is more photostable than CMPB but CMPC3B1 and

CMPC2B2 exhibits a better photostability than CMPC, this fact is not understood for

the moment.

In conclusion, we have synthesized CMPCxB4�x and PEPCxB4�x mixed crystals.
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Figure 3.18: (a) OA spectra measured at 10 K in He environment for CMPB and
CMPC1B3 perovskites. The insert graph (b) is a zoom of x = 1 case, in order to see

clearly the step-like structure.

Figure 3.19: Photobleaching measurements at room temperature for (a) CMPCx B4�x

and (b) for PEPC x B4�x . The laser power is kept at 7 mW, the excitation wavelength
is 325 nm. (c) I3600 /I 0 (as de�ned in the text), as a function of x.

XRD spectra proved that these mixed perovskites are well self-organized. These mixed

2D-layered crystals show strong excitonic properties, as in the pure perovskites. By vary-

ing x, we have means to tune continuously the wavelength of the excitonic transition.

Furthermore, the photostability in the CM mixed series is remarkable for CMPC2B2
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crystal which keeps still 60.1% of its PL intensity after 3600 s under intense illumina-

tion. These encouraging results will surely be useful for following studies and practical

applications.

3.2.1.2 Mixed crystals R-NH 3X + PbY 2

Another possible method of mixing perovskites consists in mixing ammonium salts

and inorganic salts having di�erent halogen species in a single molecule during the sec-

ond step of synthesis (see Formula2.16). In this study, we mix the organic salt 4-

Fluorophenethylamine hydrobromide abbreviated as 4FPEB (we will see some details

concerning molecule in Chapter 4) and PbI2 (lead iodide). We call this mixed per-

ovskites as 4FPEB-PbI2 hereafter. The introduction of halogen Br from organic salts to

PbI2 matrix will change the coordination condition around Pb2+ ions in inorganic sheets

and consequently causes distortion in lattice structure.

Thin �lms of 4FPEB-PbI 2 have been prepared by spin-coating their DMF solution

on quartz substrate and annealed at 95oC for 1 minute. The 4FPEB-PbI2 �lm has a

thickness of 85 nm. Figure3.20 shows the OA and PL spectra of this mixed crystal.

Figure 3.20: OA (scattered lines), PL (solid lines) spectra of 4FPEB-PbI2, 4FPEPI
and 4FPEPB thin �lms. Experiments are carried on at room temperature. The PL
intensities are normalized to 1, and the 325 nm line of HeCd laser is used as an excitation

source for PL spectra.

For comparison, we put the spectra of 4FPEPB and 4FPEPI pure perovskites. A strong
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resonant band of 4FPEB-PbI2 around 2.6 eV, which situates between the resonant bands

of 4FPEPB (3 eV) and 4FPEPI (2.37 eV), is observed.

The 4FPEB-PbI2 layer has a good PL e�ciency, equal to 0.64 times the PL e�ciency

of PEPI. The FWHM in OA and PL spectra is obviously larger for 4FPEB-PbI 2 than

that of pure perovskites: while the FWHM of the PL peaks are 9.2 nm (49 meV) and

10.9 nm (67 meV) for 4FPEPI and 4FPEPB respectively, the FWHM of the PL peak

at room temperature is about 27.3 nm And the Stokes-shift of the mixed perovskite is

large: 14.5 nm (84 meV), while the Stokes-shift for 4FPEPI and 4FPEPB are 4.6 nm

(33.5 meV) and 4.9 nm (21.4 meV) respectively. This might be due to inhomogeneity in

mixing conditions: the distribution of Br � and I� ions around each Pb2+ ion is inho-

mogeneous, causing complication of local hybridization and thus diversity in electronic

energy band structures. However, this mixture is con�rmed to be a well ordered crystal.

The di�raction spectrum, performed in LPN, reveals that the 4FPEB-PbI 2 �lms are

multi-layered structures and highly ordered with single phase, see Figure3.21. Lattice

parameter is found to be 1.64 nm which is quite similar to that of 4FPEPI thin layer,

which is 1.65 nm.

Figure 3.21: X-ray di�raction of a 4FPEB-PbI 2 (red line) and a 4FPEPI thin �lm
(black line). The two samples, having a thickness of 85 nm and 50 nm respectively, are

prepared by spin-coating.

The surface properties are observed with a microscope, it is continuous but rough,

as seen in Figure3.22.
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Figure 3.22: Microscope image of a 85 nm 4FPEB-PbI2 thin �lm deposited by spin-
coating on a quartz substrate.

Stability of the 4FPEB-PbI 2 thin �lm has been checked under the illumination of an

325 nm line HeCd laser at 7 mW, see Figure3.23. A satisfactory result has been obtained:

Figure 3.23: Comparison of photostability of 4FPEB-PbI 2, 4FPEPB and 4FPEPI
thin �lms. These three samples are prepared by spin-coating from their 10 wt% in
DMF solution. The exitation source is the 325 nm line of a HeCd laser, the power is 7

mW.

this 4FPEB-PbI 2 mixed perovskite with broad bright PL presents outstanding stability

at room temperature. During an illumination of 1800 s, its PL intensity decreases of

only 21% compared with its initial PL intensity while the 4FPEPI and the 4FPEPB
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layers loss 41% and 100% respectively. This enhancement in stability is supposed to be

impurity related, but hasn't been completely understood and is still under study.

3.2.2 Mixing in the organic part: mixed AB-(NH 3)2PbX 4 perovskites

In order to optimize the structural and optical properties, we synthesize a new

kind of perovskites AB-(NH3)2PbX4 where the inorganic component is �xed and two

kinds of ammoniums A and B are present in the organic layer. We hope to combine

the advantages, regarding photoluminescence e�ciency and surface homogeneity, of each

perovskite (A-NH3)2PbX4 and (B-NH3)2PbX4.

Table 3.6: Chemical structure, complete name and abbreviation of the amines parts
of PEPB, CMPB and BDMPB perovskites

Chemical structure Name Abbreviation
Cyclohexylmethanamine CM

2-Phenylethanamine PE

1,4-Benzodioxane-2-methylamine BDM

Let us focus our attention on some lead bromide perovskites: PEPB, CMPB and

BDMPB (information on their chemical structure, complete name and abbreviation of

amines part is shown in Table3.6) since this inorganic group has the best PL e�ciency

among lead halide species. As seen previously, the PEPB thin �lm presents relatively

good surface homogeneity and PL e�ciency. CMPB is found to have strong local self-

organized ability with better PL e�ciency than PEPB (see Table 3.2), however, its �lm

surface is not continuous. As shown in Figure3.24(c), the CMPB crystals are very

dispersed on the substrate and there are some parts of the substrate where there is no

deposition obviously. The BDMPB thin �lm presents better surface homogeneity than

CMPB but its PL intensity is relatively low, see Figures 3.24(b) and 3.26. The idea is to

create mixed crystals by mixing CMPB and PEPB on one hand, BDMPB and PEPB on

the other hand (the mixing perovskites will be abbreviated as CMPEPB and BDMPEPB

hereafter), in the aim of obtaining new materials with optimized properties.

The method for synthesizing these perovskites is the same as described in Paragraph

2.2.1. The solutions of CMPB, PEPB, BDMPB used in experiment are all 10 wt%
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(a) PEPB thin �lm (b) BDMPB thin �lm (c) CMPB thin �lm

(d) BDMPEPB thin �lm (e) CMPEPB thin �lm

Figure 3.24: Images under microscope for PEPB, BDMPB and CMPB pure per-
ovskites �lms and �lms obtained with their mixtures. Samples in (a), (b) and (c) are
prepared from 1:10 solution of pure perovskite PEPB, BDMPB and CMPB respec-
tively. (d) and (e) are mixed crystals of CMPEPB and BDMPEPB which are prepared

by mixing two kinds of 1:10 solution of pure perovskites by 1:1 in volume

(a) PEPB thin �lm (b) BDMPB thin �lm (c) BDMPEPB thin �lm

Figure 3.25: AFM images measured by taping mode for (a) PEPB, (b)BDMPB and
(c) BDMPEPB thin �lms.

solution. CMPEPB solution is prepared by mixing CMPB and PEPB solutions by 1:1 in

volume. BDMPEPB solution is prepared in the same way. Then, thin �lms are deposited

by spin-coating. The thickness of these �lms is around 70 nm.

From Figure 3.24 (d) and (e), we see that the mixed perovskites CMPEPB and

BDMPEPB have medium surface quality compared to their two pure perovskites pre-

cursors. For example the surface roughness of PEPB and BDMPB measured by AFM

are � = 9.9 nm and � = 1.3 nm respectively while the surface roughness of their mixture

BDMPEPB is � = 6.0 nm, see Figure3.25.
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Figure 3.26: Optical spectra measured at room temperature: (a) OA spectra (b) PL
spectra for PEPB, BDMPB, CMPB, BDMPEPB and CMPEPB thin �lms. The laser

used as excitation is the 325 nm line of HeCd laser, the power is �xed at 5 mW.

XRD experiments are carried on for the mixed crystals: CMPEPB and BDMPEPB,

see Figure3.27. These spectra are measured by L. Largeau and O. Mauguin in LPN.

The regular and numerous sharp di�raction peaks prove that these �lms are well oriented

multilayered structures. Contrary to the XRD spectra of pure perovskites �lms, there

are double peaks in each di�raction mode. It therefore reveals that two periods, very

close from each other, exist in these mixed crystals: the periods of CMPEPB are found

to be 16.7 Å and 16.9 Å, and those of BDMPEPB are 17.6 Å and 17.8 Å respectively.

Figure 3.26 presents the OA and PL spectra of pure perovskites and their mixed

perovskites thin �lms at room temperature. This series of perovskites shows strong

resonance lines in the near UV range. Both the main OA and PL peak positions of each
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Figure 3.27: X-ray di�raction spectra of (a) CMPEPB and (b) BDMPEPB mixed
perovskites thin �lms. The insert graphs are zooms of a particular single di�raction

peak indicated by an arrow.

mixed crystal locate between the peak positions of the two pure perovskites precursors.

Spectral informations are reported in Table3.7. It should be noticed that the FWHM

of the OA peaks of these mixed crystals are relatively small: 100.8 meV for CMPEPB

and 96.7 meV for BDMPEPB at room temperature, that are similar to the FWHM of

PEPB, CMPB and BDMPB. This phenomenon is quite di�erent from the case of the

mixed perovskites (R-NH3)2PbYxZ4�x . Take the PEPCxB4�x for example, the FWHM

of PEPC2B2 in which PEPC and PEPB are mixed by 1:1 in mol is as large as 203.8

meV, while that of PEPB and PEPC are 80.7 meV and 91.3 meV respectively. We think

that the excitons are principally located in the inorganic sheets: as a consequence, it

is coherent to �nd that the peak positions and the FWHMs are more a�ected in (R-

NH3)2PbYxZ4�x perovskites than in AB-(NH3)2PbX4 perovskites.

Photostability properties are also studied and estimated by recording the integrated

PL peak intensity as a function of illumination time, the excitation is a 325nm HeCd

laser at 5 mW in air, during 1300 s. We see from Figure3.28 that the stability of the

mixed CMPEPB is superior to its precursor PEPB and inferior to CMPB. Similarly,

BDMPEPB shows better stability than PEPB and worse than BDMPB. Therefore, we

conclude that the properties of mixed perovskites are an average of the properties of the

two precursors.

From the optical results, we think that the method of mixing organic parts may

form a new mixed organic layer with a mean value of dielectric constant. A possible

structure of CMPEPB is sketched in Figure 3.29: the organic layer is composed with

two organic ammoniums (CM and PE salts) stacking one with another via interaction

among molecules: (a)� � � , (b) Van der Waals or (c) hydrogen bond. We know that

the organic layers act as barriers and they alternate with inorganic layers in 2D layered
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Table 3.7: Information extracted from absorption and photoluminescence spectra of
CMPB, PEPB, BDMPB and their mixed crystals CMPEPB and BDMPEPB at 300K

(Figure 3.26) and 10 K (Figure 3.30)

Name EOA FWHM OA EP L FWHM P L Stokes-shift
(eV) (meV) (eV) (meV) (meV)

300 K
CMPB 3.054 147.3 3.032 82.6 49.0
PEPB 3.069 80.5 3.039 67.1 37.7
BDMPB 3.196 107.7 3.131 103.8 64.6
CMPEPB 3.073 100.8 3.042 67.7 31.3
BDMPEPB 3.116 96.7 3.067 101.2 48.6
10 K
CMPB 3.04 55.1
PEPB 3.054 33.9
BDMPB 3.186 63.7
CMPEPB 3.039 56.5 3.028 24.0 10.7
BDMPEPB 3.100 48.7 3.076 30.9 24.4

Figure 3.28: Evolution of PL intensity as a function of illumination time for PEPB,
MFMPB, CMPB and their mixed perovskites CMPEPB and BDMPEPB thin �lms.

The PL spectra are excited with a 325 nm line HeCd Laser at 5 mw in air.

structure. The di�erences in spatial con�gurations and physical �exibilities of the two

ammoniums, as well as the subtle change between interaction forces between organic

molecules, deform the shape of inorganic framework of PbBr4�
6 . Consequently, electronic

structure of the mixed materials is changed because a�ected by the dielectric con�nement

e�ect. Macroscopically, the two kinds of organic molecules mixed together provide the
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Figure 3.29: Sketch of a possible structure of CMPEPB. The mixed organic layer is
composed with two organic ammoniums (CM and PE salts) stacking one with another
via interaction among molecules: (a)� � � , (b) Van der Waals or (c) hydrogen bond.

opportunities to average the surface quality of their �lms as a result of their di�erent

size.

Low temperature optical experiments

Low temperature OA and PL measurements are carried on in He environment at 10

K (Figure 3.30, the data are collected in Table3.7. At 10 K the Stokes-shifts of the mixed

crystals are rather small: 10.7 meV for CMPEPB and 24.4 meV for BDMPEPB at 10 K, of

the same order of magnitude as the ones of the pure perovskites precursors. That proves

that the optical transitions are from free excitons or slightly bound excitons. The exciton

binding energy can be evaluated from the OA spectra obtained at low temperature by

reading the di�erence between the main absorption line and the continuum (presenting

a step-like structure). The mixed crystals have an exciton binding energy of the order of

magnitude of 300 meV, as their precursors.

Optical experiments as a function of temperature

OA and PL measurements are carried on for BDMPEPB and CMPEPB as a function

of temperature, spectra are shown in Figure3.31 and Figure 3.32 respectively. The PL

and OA intensities have been normalized.

In PEPI thin �lms, we have found that the main PL peak is red shifted Gauthron

et al. (2010). We observe a blue shift in the case of CMPEPB thin �lm up to 200 K, above
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Figure 3.30: Absorption spectra for PEPB, CMPB, BDMPB, as well as CMPEPB
and BDMPEPB at 10K in He environement. The insert graph shows the step-like

structure around 3.4 eV for PEPB.

200 K it seems that the blue shift decreases. In BDMPEPB thin �lms, we �nd that the

PL peak position presents a blue shift below 150 K and a red shift above 150 K. These

di�erent behaviors, depending on the nature of the organic part, prove the importance

of the barrier nature for the understanding of the perovskite electronic structure. The

electronic structure depends on the exact composition of the barrier, because indeed the

dielectric constant di�erence "QW - "B between the barrier and the quantum well may

increase or decrease with temperature depending on the nature of the components of

the barrier. And, through the dielectric con�nement, the exciton energy in perovskite

QWs is mainly related to "QW - "B . Additionally, the strains in the QWs might be

di�erent depending on the nature of the barrier and might also in�uence the exciton

energy dependance on temperature. As a result, changing the barrier composition may

lead to very di�erent, sometimes opposed temperature behaviors of the exciton transition

energy. Ishihara et al. (1990).

The FWHM of the PL peaks continuously increase from 10 K to 300 K for CM-

PEPB and BDMPEPB (see Figures 3.31(c) and 3.32(c)). We have found the same

trend in PEPI thin �lms Gauthron et al. (2010). We have attributed this broadening

to exciton interaction with phonons, and the interpretation of the experimental results

with a phenomenological model often used in inorganic QWs allowed us to conclude
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Figure 3.31: (a) OA (blue line) and PL (red line) spectra of BDMPEPB from 10 K to
300 K. (b) PL peak position (c) FWHM (d) Stokes-shift as a function of temperature.
The excitation source for PL is the 325 nm line of HeCd laser, the power is 0.2 mW.
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Figure 3.32: (a) OA (blue line) and PL (red line) spectra of CMPEPB from 10 K to
300 K. (b) PL peak position (c) FWHM (d) Stokes-shift as a function of temperature.
The excitation source for PL is the 325 nm line of HeCd laser, the power is 0.2 mW.
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that exciton-interaction with acoustical and optical phonons is more than one order of

magnitude higher in perovskite QWs than in GaAs QWs.

The Stokes-shifts are almost constant up to 200 K and above 200 K, they increase,

both in CMPEPB and BDMPEPB (see Figures 3.31(d) and3.32(d)). In PEPI thin �lms,

we have found that the Stokes-shift don't depend on temperature up to 300 KGauthron

et al. (2010). This temperature dependent behavior, is quite di�erent from that observed

in inorganic quantum wells where the Stokes-shift is usually due to exciton localization

in potential minima induced by disorder, and decreases with temperature and eventually

vanishes when the thermal energy kB T overcomes the trapping potential. Since we know

that exciton-phonon interaction is stronger in perovskites than in inorganic QWs, we

think that the main PL peak of perovskites has to be described in a polaron model,

leading to the existence of self-trapped excitons.

In the PL spectra of BDMPEPB and CMPEPB thin �lms, low energy peaks exist

below the main PL peak (around 3.03 eV for BDMPEPB and around 2.97 eV) and

disappear above 40 K. As well, peaks located around 2.9 eV in BDMPEPB and around

2.78 eV in CMPEPB disappear at higher temperature (around 150 K). We think that

these peaks are due to the He environment because such peaks are not seen when the

experiment is carried on with a cold �nger cryostat (in which the samples are in vacuum):

He being a little atom, it is possible that the He atoms are incorporated in the perovskites

structure, introducing additional structural phases.

3.3 Conclusion

In this chapter, we have presented the �exibility of perovskites regarding the optical

properties and �lmability. Their electronic band structure, surface quality, photostability

can be easily varied by either changing inorganic part or organic part. These various

possibilities enable us to tailor and design new perovskites with virtues we are interested

in for advanced functional active layers. Meanwhile some trends in selection of the

components of perovskites have been found.

Comparing phenyl and cyclohexane groups, we have seen that phenyl and cyclohex-

ane groups have advantages and disadvantages regarding the formation of self-assembled

2D layered perovskites: the phenyl group is rigid but the intermolecular interactions be-

tween the R groups are strong; the cyclohexane group is more �exible but the intermolec-

ular interactions are weak. An organic group R combining both cyclohexane and phenyl,

such as (4-phenylcyclohexyl) methanaminium or 2-(4-phenylcyclohexyl) ethanaminium,

may possess both the advantages of strong intermolecular interactions and good struc-

tural �exibility. Therefore, this kind of organic group can be expected to further improve

the optical performance of 2D perovskites.
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The mixing methods for fabricating new perovskites provide us a convenient means

to optimize materials arti�cially by molecular engineering. It enables us to combine the

advantages of each perovskite or introduce some special cations simply by mixing. A lot

of new functionnalities could thus be imagined. For example, active layers which are not

continuous are a problem in optoelectrical applications. If it is possible to mix the BDM,

A5 and TNY etc. based perovskites which present a smooth surface with some other

perovskites presenting high mobility such as PESnX4, it could be a great improvement

and lead to a wider prospect for applications.





Chapter 4

Photostability of perovskites

The realization of e�cient OILEDs and new optoelectronic devices based on 2D-

layered organic-inorganic perovskites needs to optimize several properties of the hybrid

molecules such as the luminescence e�ciency, the surface roughness (these two properties

have been studied in Chapter 3), and also the photostability. Improving the photostabil-

ity is very important in the framework of long life-time optoelectronic devices but also

in the framework of fundamental studies, where a great reproducibility of the optical

results is necessary and where the study of the non-linear e�ects requires high incident

laser power. Gauthron et al. (2010); Patterson (2000)

The degradation of perovskites under laser illumination is commonly observed and

this degradation is complicated to explain because it can be caused by many reasons and

in�uenced by multiple mechanisms at the same time. We know that in the 2D layered

perovskites, the corner shared lead halide octahedra which compose inorganic sheets

extend in two dimensional planes. Between the lead halide sheets, ammoniums stack

together to form organic layers with hydrogens bonding to the halide atoms lying in the

neighbor inorganic layers. The benzene based organic ammoniums interact each other

by � -� interaction, while other ammoniums interact via Van der Waals force. Therefore,

either the structure of organic salts or the nature of the atom species in organic part will

delicately in�uence photostability of perovskite molecules.

In order to clarify the origin of degradation and improve the photostability of per-

ovskites, we summarize some former studies and carry on new experiments with some

newly synthesized (R-NH3)2PbX4 perovskites. By analyzing the photobleaching evi-

dences obtained in experiment, some reasons that may in�uence their photostability will

be discussed in this chapter.

97
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4.1 Photostability related factors

In this section, several factors, which in�uence the photobleaching, are studied and

mechanisms explaining the photobleaching are sought.

4.1.1 In�uence of the presence of oxygen

The oxidation is �rst supposed to be an important reason to the degradation of

perovskites, and in Kitazawa's work, they indeed reported that the oxidation induced

halogen elimination is one possible reason for degradation.Kitawawa et al. (1999). In

order to prevent the attack by oxygen in air, we put a transparent polymer PMMA layer

on the top of perovskites layer or put the perovskites samples in He environement. By

doing this, the stability is slightly improved, but in fact the degradation of perovskites

is still very obvious, which indicates that there are surely more predominant reasons

in�uencing the stability.

4.1.2 Thermal induced decomposition

As barriers in 2D layered perovskites quantum wells, the organic sheets are regarded

as optically inert. However, any decomposition of the organic part certainly would lead

to the collapse of the whole perovskite framework and in�uence the optical properties of

the perovskite. When the perovskites are exposed under illumination of UV light, the

high energy photons can be absorbed by the organic part. As a result, the materials will

be heated and can be seriously deteriorated.

The organic ammonium salts are relatively stable in ambient environment, however

they undergo decomposition if they are overheated. To check it, we test the weight

change of several typical T-(CH2)n -NH2�HCl salts (the chemical structures of their or-

ganic amine part are reported in Figure4.1 ) by using a PerkinElmer Thermogravimetric

analyzer (Pyris 6 TGA) in PPSM ENS Cachan. Approximately 3 mg of each organic

ammonium salt is put into an aluminium oxide container for each examination. The

aluminium oxide container is rinsed with distilled water and acetone, and is burned in

a �ame from 35% propane and 65% butane gas (Rothenberger) for 15 seconds prior to

each loading of organic salt. The thermal ramp is set �rst stabilizing 5 min at 30oC,

then increasing from 30oC to 400 oC at a speed of 10oC /min, and �nally holding at

400 oC for 2 min. 20 ml/min nitrogen gas �ow is applied to protect the samples from

oxygen. Thermogravimetric analysis, reported in Figure4.2(a), shows that, as the heat-

ing temperature rises, TPM and MFM salts, which have similar two double bonds and a

O or S substitution on the 5 atoms cycle, are the less stable and decompose at 150oC.

They are followed by the CHE salt. All the other salts containing benzene cycles begin

to decompose at around 200oC. These trends agree well with the photo-stabilities of



Chapter 4 Photostability of perovskites 99

Figure 4.1: Chemical structures of some amines used as organic part for PbCl2�
4

based perovskites in thermogravimetric analyzer.

their perovskites in Figure 4.2(b): CMPC > PEPC > CHEPC > TPMPC > MFMPC.

Zhang et al. (2011)

Figure 4.2: (a) Thermogravimetric measurements of organic salts, and (b) evolution
of PL intensity versus time for the UV (T-(CH 2)n NH3)2PbCl4 perovskites. The mea-
surements are performed in air at room temperature. PL is excited at 325 nm with a

HeCd laser with incident power of 18 mW.

Another evidence related to thermal induced decomposition is found experimentally:

the lead bromide perovskites are generally less stable than lead iodide perovskites: see

for instance the most popular phenethylamimne ("PE") based perovskites in Figure

4.3. It is known that in an excited system, energy mainly relaxes along two ways: one

is radiative, it is photoluminescence; the other one is nonradiative relaxation such as

emission of phonons. The "PB" group generally exhibits stronger PL e�ciency than the

"PI" group. Since the refractive index of perovskites (e.gnP EP I �1.8) is larger than

that of air (n air =1 ), there is a large amount of photons which can not be emitted out of

perovskites media as a result of total re�ection. Therefore the more photons are emitted

by photoluminescence, the larger amount of photons undergo internal re�ections inside
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perovskites layer. The internal re�ection of photons is thought to cause thermal e�ects

which may accelerate the degradation of the perovskites.

Figure 4.3: PEPI, PEPB thin �lms, thickness of several 10 nm, exposed under the
325 nm line of a HeCd laser at 10 mW. The measurement is carried on at 300 K in He

environment.

4.1.3 Degradation through HX photoelimination

The ammoniums ions are located close to the lead halide plans. Although no liter-

ature evidence did already consider this, is quite possible that photoexcitation enhances

the basicity of the octaedra top halide ions, which can in consequence induce deproto-

nation of the ammonium, leaving amines now very vulnerable to photooxidation. The

photo-assisted elimination from the perovskites of the hydrogen bonds H-X (specially

H-I) which connect organic sheets and inorganic sheets being suspected to be one of the

reasons for perovskites degradation, we prepare "heavy PEPI" where all hydrogen atoms

on the terminal -NH+
3 part of the ammonium group are changed for deuterium -ND+3 .

For the preparation, we simply dissolve the PEI ammonium salt in heavy water D2O.

This D2O reagent (Deuterium oxide) is bought from Sigma-Aldrich company, with an

isotopic purity 99.98 atom % � 0.01 atom %. The PEI in D2O solution is then kept

in dry box in the presence of an abundant quantity of phosphorus anhydride. A week

after, all the water has been sucked out and the dry crystals of heavy PEI have formed

at the bottom of the recipient. The infrared spectrum of heavy salt PEI shows two

evident double peaks around 2200 cm�1 and 2300 cm�1 which proves that the -NH+
3

of normal PEI has been successfully changed to -ND+3 , see Figure. 4.4 Then the heavy

PEPI perovskite is prepared as usual. We mix the heavy salt with PbI2 in stoichiometric
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Figure 4.4: Infrared spectrum of PEI (magenta line) and heavy PEI (red line) am-
monium salts.

amounts and then the solid mixture is dissolved in anhydrous DMF by weight ratio 1:10.

The heavy PEPI solution is thus ready for deposition. Two thin �lms: one deposited

from heavy PEPI solution and the other deposited from normal PEPI solution are pre-

pared and photobleaching measurements are performed. The HeCd laser power used

as the excitation source is 7 mW and the experiment is carried on in air environment.

Although it is believed that the bond angles and bond strength of -NH+
3 and -ND+

3 are

greatly di�erent, the photostabilities of the two samples are similar, as seen in Figure

4.5. Therefore, from this result, we conclude that the breakage of hydrogen bond H-I,

thus the elimination of HI, is not a reason for perovskite degradation.

4.1.4 Oxidation and elimination of halogen species in inorganic parts

We concentrate our interest on the lead halide based perovskites because the lead

atom and its compounds are relatively stable in air. The PbX4�
6 octahedra form well

structured inorganic layers which lead to bright visible luminescence at room temper-

ature. Actually, it has been long known that the optical absorption energies depend

mainly on the electronegativity of halogenide involved. The absorption wavelength re-

spectively belongs to the UV range for the chlorides, the blue range for the bromides

and the green range for the iodides, the organic part playing only a minor role on the

wavelength tuning. Identifying coarsely the absorption energies to the energies of an

ionic bond Pb2+ -X � in an octahedral con�guration Mitzi (1999b); Zhang et al. (2010),

it seems very likely that the excited state corresponds to an electron transfer between

the lead and one halogenide and therefore takes the transient Pb� + -X � con�guration.
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Figure 4.5: Evolution of PL intensity as a function of illumination time for normal
PEPI (red line) and heavy PEPI (yellow line). The laser power is 7 mW at 325 nm.

Consequently the photostability of the perovskites would be linked to the becoming of

the photogenerated X� radical in its local environment.

In Kitazawa's work, the authors reported that the oxidation induced halogen elim-

ination is one possible reason for degradation. Actually we have checked in a control

experiment that long term illumination of iodide based perovskites indeed induces the

elimination of iodine. As shown in the photo of Figure 4.6(B), we prepare two bottles

of solution in which an amount of iodine indicator is dissolved in solvent cyclohexane,

and thin �lms of CMPI are immersed in each bottle of solution. Before illumination

both solutions are limpid and colorless. Then the bottle containing CMPI on the right is

exposed to the illumination of the 325 nm line of a HeCd laser during 2 h, the incident

power being about 27 mW. The other one is kept aside as a reference. We clearly see in

Figure 4.6(B) that the solution in the right bottle becomes purple after illumination: it

indicates that some I� is eliminated from CMPI and become I2, which is revealed by the

indicator.

However, the iodine content is quite dependent on the organic part. We carry on

the same experiment with a PEPI thin �lm as seen in Figure 4.6(A): we see in the right

hand bottle under illumination that not so much I 2 appears in solution. It seems that in

this case the aromatic groups are much more likely to undergo a radicalar substitution

on the aromatic ring, while unreactive spacers (e.g. aliphatic) on the other hand would

in �ne generate molecular iodine from a radical coupling in the solid. We therefore are
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inclined to think that the photodegradation of perovskites possessing an aromatic ring

is due to the attack of the ring by an electrophilic radical.

Figure 4.6: Results of the photodegradation of two perovskites (A) PEPI (containing
a phenyl ring) and (B) CMPI (alkyl based), both immersed in cyclohexane. On the left
stand the vials before irradiation, and on the right after irradiation. The colour comes
from a starch-based iodine revelating substance, and shows the relative release of traces
of molecular iodine. The alkylammonium based perovskite CMPI photodegradation re-
leases a quite discernible and rather larger amount of iodine than the phenylammonium

based perovskite PEPI.

4.1.5 Photostability dependence upon the structure of the organic part
of chloride-based perovskites

Considering the previous results on the iodine detection, it seems likely that radicals

are photogenerated in the degradation process. Therefore we examine the behavior of a

large range of chloride based perovskites. We should observe �rst a faster degradation

than in bromide and iodide based perovskites since the chloride radical has the highest

reactivity, and second, a high dependence on the ammonium structure, .

The following Figure 4.7 shows the chemical structure of some PbCl2�
4 based per-

ovskites that we have used for photobleaching measurements. (For detailed information

see Table3.1) Methods of synthesis have been described in Chapter 2 and their optical

properties have been reported in Chapter 3.

Perovskites thin �lms containing these amines are prepared by spin-coating from 1.5

wt% solution. The samples are exposed under the illumination of a 325 nm HeCd laser

at 7 mW for 1800 s. From Figure4.8 ,we can �rst clearly see that the photostability of

chloride based PEPC is much lower than the one of the corresponding PEPI and PEPB.

The photostability range is also quite informative, see Figure4.9 . Ranging from a

strong to weak resistance in this series, we �nd: CMPC> PEPC> TPMAPC> PMPC>
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Figure 4.7: Chemical structures of some amines used as organic part for PbCl2�
4

based perovskites in photostability study.

Figure 4.8: PL intensity as a function of illumination time for PEPI, PEPB and
PEPC thin �lms in He environment. Laser power is 7 mW (325 nm line).

A5PC /TNYPC > CYPC. It is clear that the most resistant perovskites come from the

ammoniums with a saturated backbone, while the aromatic ones degrade faster, as it

could be expected from the reaction with an electrophilic radical. In addition, among

the aromatic perovskites, we see that the most resistant are the ones where the benzene

ring is the less activated (PEPC and PMPC) while the ammoniums with an electron-rich

dialkylbenzene, or even richer chroman-type ring, degrade very fast. This is in perfect

accordance with a degradation through an electrophilic attack on the aromatic part if

the ammonium, likely due to an electrophilic photogenerated Cl� species.

Considering all these trends, we think that if we could decrease the electron density

on the organic part, the more stable the perovskites will be. One possible method to do
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Figure 4.9: Photobleaching curves for PEPC, PMPC, CMPC, A5PC, TPMAPC,
TNYPC and CYPC in air. The laser power is 7 mW at 325 nm.

this is to substitute the H atoms by a F atom or a NO�
3 group whose electronegativity

is high, thus decreasing the electron density on benzene ring. As F atom is small in size,

the steric hindrance will not be changed and the photoluminescent properties should

remain. We will present �uoro-substituted perovskites in Paragraph 4.2.

4.1.6 In�uence of temperature

Another experimental constatation is that the photostability of a given perovskite,

especially in the case of bromide based ones, is temperature dependent. Figure4.10

(a) shows the evolution of PL intensity as a function of illumination time for a PEPB

thin �lm at 10 K, 80 K and 300 K under 10 mW illumination of a HeCd laser in He

environment. We see that PEPB �lm is the most stable at 10 K, the least stable at 300

K. Although common sense makes believe that chemical reactivity should decrease at

lower temperatures, it is not always the case. For example, as can be seen on Figure4.10

(b) and (c), CMPB has surprisingly the best stability at 300 K, MFMPB is the most

stable at 80 K. The origin of these discrepancies is not clear, but we can see that, again

in the case of an attack by an electrophilic radical, in the framework of a purely aliphatic

ammonium, where the reactivity is low and has also slow kinetics, the bromation of the

aliphatic ammonium can be in competition with dimerization trapping of the radicals.

On the other hand, in the case of PEPB which is based on an aromatic ammonium salt,

the main degradation path is radicalar attack on the alkylbenzene ring. In this case,
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radical coupling is always much slower and is not observed, and degradation normally

goes faster with the increasing temperature.

Figure 4.10: Evaluation of PL intensity as a function of time for thin �lms (a) PEPB
(b) CMPB (c) MFMPB. The laser power is 10 mW at 325 nm, all samples are kept in

He environment.

4.1.7 In�uence of the spatial arrangement

2D layered perovskites are layered structures containing an organic sheet of about

1 nm and an inorganic sheet of about 0.6 nm. They spread out in�nitely in 2D plane,

named the a-b plane. The layers stack together layer by layer along the c axis direction.

However, this stacked thin layers structure of the perovskites �lms bring some technical

di�culties for XRD measurement and thus structure study of the �lm samples: we

know well the information between layers along c axis such as space constant dc, but it is

di�cult to acquire information of d a and db along the a-b plane. There have been several

XRD published experimental resultsGauthron et al. (2010); Kikuchi et al. (2004); Liang

et al. (1998); Kitazawa (1997a); Ishihara et al. (1990); Pradeesh et al.(2009a) which

assess that the dc value is quite similar (around 1.6 nm) for 2D perovskites with di�erent

organic moieties. However, the da and db values, which might vary according to the

deposition parameters, especially the concentration of the casting solution, can probably

be related to an e�ect on the stability of perovskites crystalline stacking. We observed

that some perovskites �lms prepared from solutions of di�erent concentrations exhibit

di�erent photostabilities. For example the PEPC �lms deposited from 1% solution and

10% solution have very di�erent degradation kinetics under UV illumination, as we can

see on Figure4.11(a) . The XRD spectra of the two PEPC thin �lms show that both

�lms are well oriented crystals with a single phase present. However, comparing the

position of the di�raction peaks, we see clear displacement between the two curves in

4.11(b) (insert), as already noticed by Kitazawa. Kitazawa (1997b)
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Figure 4.11: (a) Evaluation of PL intensity as a function of illumination time for two
PEPC thin �lms prepared from 1% and 10% in DMF solution. The laser power is 7
mw at 325 nm. (b) XRD spectra of PEPC thin �lms prepared from 1% (green line)

and 10% (red line) in DMF solution.

The shape and the size of organic molecules also in�uence the super-lattice arrange-

ment. We synthesize some �uoro-PEPI perovskites whose organic amine has a �uorine

atom substituted on di�erent positions of benzene ring called ortho-, meta-, para- �u-

orophenethylamine tetraiodoplumbate: these molecules will be presented in details the

following Paragraph 4.2. They exhibit bright green photoluminescence around 520 nm at

room temperature. Although their chemical structures are similar, the stabilities of these
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�uorinated amines based perovskites di�er under intense irradiation of laser, as shown

in Figure 4.12. First, we notice that 2FPEPI and 3FPEPI are the less stable materials

Figure 4.12: Photobleaching of iodide based perovskites layers deposited from 10wt%
solutions. The measurement is carried on in air at room temperature, the laser power

is 7 mW at 325 nm.

in this group. Secondly, we �nd the largest Stokes-shift for 2FPEPI and 3FPEPI (see

table 4.1). And thirdly, we notice that the PL peak position shifts from lower to higher

energy before and after photobleaching, see Figure4.13 and Table 4.1, and the largest

shifts are found for 2FPEPI and 3FPEPI.

Table 4.1: PL peak shift before and after long time illumination of UV laser and
Stokes-shift comparison

Name Shifts of PL peak center (Di�erence) Stockes-shift
PEPI 523.83 nm! 523.21 nm ( 0.62 nm) 4.96 nm
2FPEPI 515.34 nm! 513.32 nm ( 2.02 nm ) 6.30 nm
3FPEPI 517.94 nm! 516.90 nm ( 1.04 nm ) 5.10 nm
4FPEPI 524.96 nm! 524.13 nm ( 0.83 nm ) 4.05 nm

Our interpretation is that this phenomenon is due to defaults in superlattices. In

fact, we have observed in Chapter 3, at low temperature, that the perovskite �lms show

generally two PL peaks (see Figures3.31 and 3.32), the lower energy PL peak has been

supposed to come from defects in crystal lattice. Experimentally, we found that the two

PL peaks present di�erent photobleaching properties: the PL peak at lower energy is

always the less stable one. By linking these two experimental �ndings, we attribute the

lowest stability of the 2FPEPI and 3FPEPI PL to presence of defaults in the perovskite



Chapter 4 Photostability of perovskites 109

Figure 4.13: PL spectra of 2FPEPI before (in red) and after (in black) photobleach-
ing. The measurement is carried on in air at room temperature, the laser power is 7

mW at 325 nm. PL intensities are normalized to 1.

structure.Concerning the �uoro-PEPIs, the defects could be caused by the dissymmetry

of the amine con�guration. See Figure4.14, 4FPEPI and PEPI have a more symmetrical

structure thus we think they cause less defaults in crystals arrangement. We think that

more defaults exist in dissymmetric structures because it has been reported in article

Mitzi et al. (2001) that (4-FPEA) 2SnI4 is a fully ordered structure while (2-FPEA)2SnI4
and (3-FPEA)2SnI41 are poorly ordered due to the mismatch between sheets, as schema-

tized in Figure 4.15.

Figure 4.14: Comparison of structure symmetry for 2FPEI 3FPEI and 4FPEI am-
monium.

1The organic part "2-FPEA", "3-FPEA" and "4-FPEA" are the same as 2FPE, 3FPE and 4FPE in
our case.



110 Chapter 4 Photostability of perovskites

Figure 4.15: View parallel to the phenyl ring plane in a single layer of �uorophenethy-
lammonium cations in (a) (4-FPEA) 2SnI4 and (b) (3-FPEA) 2SnI4. For clarity, the
ethylammonium tethering group for each cation and the tin(II) iodide component of

the structure has been removed.Mitzi et al. (2001)

4.2 Fluorinated organic-inorganic hybrid (R-NH 3)2PbX 4 semi-

conductors

In recent years, phenylalkylammonium based perovskites have been extensively stud-

ied by usZhang et al. (2010);Gauthron et al. (2010);Zhang et al. (2011);Parashkov et al.

and others Ishihara; Ishihara et al. (1990); Mitzi (1999a); Kitazawa (1997a); Dammak

et al. (2009) in the literature. In this section, we prepare new compounds from this

family of phenylethylammonium based perovskites, and try to modify the phenyl group

in order to improve the photostability, by introducing �uorine atoms on the ring. This

is expected to considerably reduce the vulnerability to the attack by electrophilic species

like X � as discussed in section 4.1, while keeping a quasi- identical steric hindrance: the

outer radius of a �uorine atom, equal to 1.47 Å, is only slightly larger than an hydro-

gen one, equal to 1.20 ÅBégué and Bonnet-Delpon(2005). For each new material,

we analyze the important properties: luminescence e�ciency and �lmability, checking

out the in�uence of the introduction of �uorine atoms into the perovskite structure and

processing.

4.2.1 Preparation and structure characterization

Actually, the most extensively studied perovskite systems are based on the phenylethyl

ammonium saltsIshihara; Ishihara et al. (1990); Bréhier et al. (2006); Lanty et al. (2010,

2008b);Wei et al. (2012). Our previous works in Chapter 3 have demonstrated that most
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of the time, and especially in the case of a phenyl-based organic barrier, a two-carbon

chain is the optimal length to get the strongest luminescence. We therefore decide to

circumvent our work to the subclass of the phenyethyl amine based perovskites, owning a

�uorine-substituted phenyl ring. This is a particular subclass of perovskites which have

a general formula (T-(CH2)2NH3)2PbX4 and where T consists of a �uorinated phenyl

ring. We have studied di�erent cases: the �uorine sitting in the ortho, meta or para

position Kikuchi et al. (2004), and the per�uorinated ring. We show that the position of

the �uorine atom strongly a�ects both the photostability, but somewhat strangely also

considerably the emission e�ciency of the thin �lms.

The structure of the perovskite produced from para-�uorophenylamine for example,

is represented in Scheme4.16, based on the analogy with the generic (C6H5(CH2)2NH3)2PbX4

structure and considering that the steric hindrance of a �uorine atom is almost the same

than the one of an hydrogen.

Figure 4.16: Sketch of the 3D structure of the (4-FC6H4(CH2)2NH3)2PbX4 (X = I
or Br or Cl) perovskites.

Table 4.2 shows the chemical structures, the names and the abbreviations of the

amines T-(CH2)2NH2 used in this study. For example, the bis(phenethylammonium)

tetraiodoplumbate is noted as PEPI. When �uorine is present, the amine is simply des-

ignated by xFPE, the number x labeling the position of the �uorine atom on the phenyl

ring: x= 2 for ortho, x= 3 for meta, and x= 4 for para. The per�uorophenyl ring amine

will be designated by 5FPE. For clarity this has been summarized in the Table4.2. The

ammonium salts have been prepared by simple protonation of the considered amines,

and the properties of the corresponding perovskites will be analyzed in comparison with

the generic PEPX compounds containing no �uorine.
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Table 4.2: Chemical structure, complete name and abbreviation of the amines part
of the �uorinated perovskites

Chemical structure
of amines

Name Abbreviation

2-Phenylethanamine PE

2- Fluorophenethylamine 2FPE

3- Fluorophenethylamine 3FPE

4- Fluorophenethylamine 4FPE

Per�uorophenethylamine 5FPE

Preparation

The amine bases of 2FPE, 3FPE and 4FPE are purchased from Sigma-Aldrich com-

pany. The amine 5FPE is not commercially available and it is synthesized from penta�u-

orophenylacetonitrile as it is explained in appendix A. These amines are then transformed

to ammonium salts and consequently dissolved in stoichiometric amounts with their cor-

responding inorganic PbX2 in DMF to prepare (T-(CH 2)2NH3)2PbX4 solution. This

method is exactly the same as the one introduced in Paragraph 2.1. Thin �lms are de-

posited by spin-coating and annealed. The deposition parameters are: 1500 rmp, 1500

rmps, 30 s; annealing condition is 95oC for 1 min.

Microscopy characterizations

Figure 4.17displays the optical microscopy images of layers made from various per-

ovskites, along with PEPI for reference. Except 3FPEPI which presents more roughness,

it seems that all compounds show similar surface roughness. Figure4.18shows the AFM

pictured obtained on a 2FPEPI layer and a PEPI layer, that shows the smoothness of the

layers that is generally obtained. AFM measurements provide:� = 9.4 nm for 2FPEPI,

� = 10.55 nm for PEPI Wei et al. (2012). Thus, the presence of only one �uorine atom

doesn't a�ect signi�cantly the quality of the spin-coating process.
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Figure 4.17: Optical microscope pictures of di�erent perovskite layers prepared from
10% solutions.

Figure 4.18: AFM pictures of (a) the 2FPEPI layer, (b) the PEPI layer, obtained
by tapping mode. Be careful that the vertical scales are di�erent in these two images.

On the other hand, the 5FPEPI and 5FPEPB unfortunately give relatively poor

quality spin-coated �lms, certainly due to the high surface energy coming from the �ve

�uorine atoms, which diminishes the cohesion of the layers, as well as adherence on glass

substrates. The images of a 5FPEPI and 5FPEPB thin layers under a microscope are

given in Figure 4.19.

X-ray di�raction of the spin-coated layers

Room temperature XRD measurements for FPEPB thin �lms are shown in Figure

4.20. These measurements have been done at ECNU. These FPEPB �lms are deposited

on fused quartz by spin-coating.
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Figure 4.19: Spin-coated layers of 5FPEPI and 5FPEPB. The dewetting of the solu-
tion is shown, and the deposit lets appear inhomogeneous areas.

The instrument is a Rigaku Ultima IV type with CuK � radiation, wavelength

0.154056 nm. The voltage applied is 40 kV, intensity is 30 mA. The step length of

measurement is set to be 0.01 nm; and the scan speed is 10o/min. As shown in Figure

Figure 4.20: X-ray di�raction spectra of 4FPEPB, 3FPEPB and 2FPEPB spin-coated
layers

4.20, sharp single di�raction peaks are observed for each xFPEPB (x=2, 3, 4) �lm sample

which reveals that the xFPEPB crystals are well ordered multi-layered structures with

single phase.
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4.2.2 Optical characterization

4.2.2.1 Bromide containing perovskites

The absorption and the photoluminescence of the layers prepared from bromide

based perovskites are registered and analyzed, comparatively with the generic PEPB

molecule. The absorption is exhibited on Figure4.21(a) while the photoluminescence is

shown on Figure4.21(b). While the absorption spectrum lets appear two bands, a broad

Figure 4.21: Comparative (a) absorbance, (b) photoluminescence and (c) photo-
bleaching rate of bromide based perovskite layers made from 10wt% solutions. The
excitation laser is the 325 nm line HeCd laser. For the PL and bleaching rate, the

power is 1 mW. (d) Normalized PL e�ciency of these perovskites layers.

one around 300-320 nm, and a large one around 400 nm, the luminescence arises only from

the latter. In addition, it is quite surprising to notice that substitution of a single �uorine

atom has such a huge e�ect, not only on the absorption and emission wavelengths, but

drastically on the luminescence intensity. Unfortunately, in this case, the introduction

of the �uorine seems to weaken the emission, but it is rather surprising to consider that

this phenomenon seems to be quite sensitive to the place of the substituent. Figure

4.21(d) shows the relative emission intensity for each xFPEPB perovskite layer. In order

to compare the PL e�ciencies of the molecules, we de�ne the ratio�= I=(P laser � a325)

where I is the integrated intensity of the photoluminescence peak, Plaser is the excitation

laser power anda325 is the absorption factor at the excitation wavelength 325 nm. In

Figure 4.21(d), the ratios � xF P EP B /� P EP B (that we will design as the normalized PL

e�ciency) are reported for each x. We see that the ortho substitution a�ects greatly the
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emission yield (compared with the PEPB reference), on the other hand meta and para

substitutions lead to a relative extinction of the emission.

We also investigated the stability of the layers under illumination, in order to esti-

mate the quenching rate of the emission. Figure 4.21(c) shows the relative decrease of the

emission of perovskite layers as a function of the exposition time. It is clear that some

�uorinated perovskites are more resistant than the standard PEPB, unfortunately the

more resistant compounds are the ones that display the smallest luminescence intensity

initially. However it seems that globally the introduction of one �uorine atom leads to

an improvement of the materials resistance to bleaching.

4.2.2.2 Iodide containing perovskites

Similarly to the preceding part, iodide based perovskites have been prepared and

studied, both on the point of view of the absorbance and photoluminescence, but also

the photoresistance of the �lms is estimated. The absorbance of four �lms, issued from

di�erent iodide based perovskites, is represented on the Figure4.22(a). This time again,

Figure 4.22: Comparative (a) absorbance, (b) photoluminescence and (c) photo-
bleaching rate of iodide based perovskite layers made from 10wt% solutions. The ex-
citation laser is the 325 nm line HeCd laser. For the PL, the excitation laser power
is 0.6 mW, for the bleaching rate, it is 7 mW. (d) Normalized PL e�ciency of these

perovskites layers

a clear e�ect of the substitution is noticeable on the spectra, but the e�ect is hyp-

sochromic (except 4FPEPI), the sharp peak characteristic of the perovskite arising this
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time at shorter wavelengths, with E4F P EP I - EP EP I = 1 nm, E3F P EP I - EP EP I = -5

nm and E2F P EP I - EP EP I = -10 nm. The luminescence of the iodide-based perovskites

is represented on the Figure4.22(b). Apart from the correlated hypsochromic shift of

the emission, it appears that only one �uorinated perovskite, which has a meta �uorine

atom, shines almost as strongly as PEPI, while for the two others the emission yield is

lower, as seen in Figure4.22(d).

The photobleaching of the perovskite emission is shown on Figure4.22(c), and again

important di�erences can be observed according to the place of the �uorine substituent,

which is quite unexpected. The para substitution seems to provide the most resistant

character. On the other hand, substitution by a meta �uorine atom changes extremely

little the behaviour of the perovskite, either regarding the �uorescence yield or the sta-

bility, while the other positions a�ect both.

4.2.2.3 Chloride containing perovskites

In order to obtain more information on the special case of 4FPE amine as the organic

salt, we also prepare the chloride based perovskites PEPC and 4FPEPC, respectively

stemming from the classical phenylethylamine and its 4-�uorophenyl analogue. The

absorption and �uorescence of these two particular perovskites are represented on the

Figure 4.23. It is interesting to remark that, in this case, not only the normal perovskite

structure is obtained, but the relative luminescence yield of the �uorinated perovskite is

higher than in the generic PEPC, see Figure4.23(d). Another interesting feature in this

case is the complete absence of in�uence by the �uorine substitution on the absorption

or emission wavelength, contrarywise to the bromide and the iodide based perovskites.

To summarize the relative emission intensity of the perovskites layers for each halo-

genide, it is clear that �uorine substitution impedes the bromide based perovskites emis-

sion, while it improves the chloride based perovskites emission and it leaves the iodide

based perovskites emission less a�ected. This is quite complicated to explain, but it is

possible that this e�ect is related to an unexpected enhancement of non-radiative decays

in the case of bromide based compounds, maybe because of resonance with the vibra-

tional energy of the C-F bond. However, we have seen above that in many occasions the

resistance of the layers to photobleaching is improved, which constitutes an improvement,

especially if device life-time has to be considered in the future.

4.2.3 Per�uorophenyl perovskite

We present this perovskite separately in a dedicated part, since its properties notably

di�er from the ones of the mono�uorinated perovskites. The absorption and normalized

emission spectra of this perovskite are exhibited on Figure4.24in the case of both iodide

and bromide compounds.
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Figure 4.23: Comparative (a) absorption, (b) photoluminescence and (c) photo-
bleaching rate of PEPC and 4FPEPC layers, made from 1.5wt% solutions. The excita-
tion laser is the 325 nm line HeCd laser. For the PL, the excitation laser power is 2 mW,
it is 7 mW for the bleaching rate. (d) Normalized PL e�ciency of these perovskites

layers.

The substitution of a single �uorine atom has been found to have little or no in�uence

on the emission wavelength of the perovskite. On the other hand, replacement of all

hydrogens by �uorine leads to a notable hypsochromic shift on the emission:E5F P EP I

- EP EP I = -16.14 nm, E5F P EP B - EP EP B = -13.4 nm, where ExF P EP X is the energy

position of the PL peak maximum. However, the most striking result on 5FPEPI is the

stability to bleaching, which is superior, for the long times, to all compounds xFPEPI

and PEPI (Fig. 4.24(c)). It seems therefore clear that the substitution of all hydrogen

atoms by �uorine ones considerably reduces the rate of the degradation reactions. Our

interpretation is that the 5 �uorine atoms suppress the one-electron oxidation of the

phenyl which has been considered as one reason for the photodegradation.

4.3 Perovskites doped PMMA layer

We have talked in Paragraph 4.1.1 that the perovskites layers protected with PMMA

present a slightly improved photostability and in paragraph 4.2, we have synthesized some

�uoro-perovskites presenting a highly improved photostability. To improve further this

problem of unsatisfactory stability, we introduce nanometer-sized crystals in a PMMA
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Figure 4.24: Comparative (a) absorbance, (b) normalized photoluminescence and (c)
photobleaching rate of per�uorophenyl perovskite layers made from 10wt% solutions.
The excitation laser is the 325 nm line HeCd laser. For the PL, the excitation laser
power is 3 mW for 5FPEPB and 1 mW for PEPI. For the bleaching rate, the excitation

laser power is 7 mW.

matrix. This approach has been used in Kitazawa's work for PEPIKitazawa (1998);

Kitazawa et al. (2002); Kitazawa and Watanabe (2002), and remarkable improvements

of thermal- and photo-stability were achieved for instance with (C6H5C2H4NH3)2PbI4

doped PMMA �lms Kitazawa and Watanabe(2002). Furthermore, it is expected that the

use of PMMA polymer greatly improves the surface smoothness of the thin �lms com-

pared to pure perovskites layers. The nanocrystals of perovskites included in PMMA

layer still keep a good crystal structure and an adequate electronic structure, therefore

good optical properties. These advantages make the perovskites doped PMMA layers

very promising for the fabrications of optical devices. Here we prepare some phenylalky-

lammonium based perovskites doped PMMA layers, optical properties and methods to

optimize the fabrication are introduced in the following paragraphs.

4.3.1 Preparation

The perovskites doped PMMA layers are deposited on SiO2 glass substrates by a

conventional spin-coating method as reported previously in Paragraph 2.2.2.2. To pre-

pare the solution, a transparent polymer PMMA (Poly Methyl MethAcrylate) and a

stoichiometric amount of the ammonium salt and PbX2 (X = I, Br and Cl) are dissolved
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into DMF. The concentration of PMMA in DMF is 20 wt% and the weight ratio of per-

ovskite/PMMA is �xed at 1:5 in our study. With this solution, spin coating is performed

at 2000 rpm for 30 s. The solution in concentration 20 wt% gives a layer of thickness

about 1 �m. Thinner layers can be realized by lowering the concentration of solution. For

example the 4FPEPI doped PMMA layer used in a Fabry-Perot microcavity in Chapter 5

with a thickness of 350 nm is realized with a solution where the concentration of PMMA

in DMF is 10 wt%.

4.3.2 Annealing condition

After spin-coating, these �lms need to be subsequently dried in a hot place. This

step is especially important for perovskites doped PMMA layers because the PMMA

component makes the solution quite viscous and thick, which suppresses the movement

of perovskites molecules in solution environment. Therefore the annealing time and

annealing temperature should be appropriately raised to promote the self-organization

process. The concrete conditions of annealing are not identical for di�erent species of

perovskite compounds. For a given perovskite doped PMMA layer, proper annealing

condition will trigger the formation of a good crystal structure with less defaults and

optimized optical properties. But the perovskite compounds can be destroyed by over

heating. Some experimental examples will be given to specify this point in relation with

optical characterization. For each kind of perovskites, the annealing conditions will be

investigated in the following paragraphs.

4.3.3 Characterization

4.3.3.1 Structure

In order to investigate the structure of the perovskites doped PMMA layers we focus

our attention on two typical layers: a PEPI doped PMMA layer and a 4FPEPI doped

PMMA layer. Their images under microscope are shown in Figure4.25 (a) and (b)

respectively. In Figure 4.25(a), we see PEPI crystals dispersed in PMMA and in Figure

4.25 (b), 4FPEPI crystals dispersed in PMMA. PEPI doped PMMA layers are more

continuous than 4FPEPI doped PMMA layers.

Figure 4.26(b) presents the AFM image from a 4FPEPI doped PMMA layer, a PEPI

doped PMMA layer and a PEPI standard layer, the average roughnesses of these layers

are about 0.86 nm, 0.94 nm and 10.55 nm respectively.

These two layers are then used in XRD experiment. The XRD measurements were

carried on in LPN by L. Largeau. As seen in Figure4.27(a) and (b), sharp (0 0 2l)

di�raction peaks associated with PEPI and 4FPEPI crystals were clearly observed. Their
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Figure 4.25: Optical microscope images of (a) a 641 nm PEPI doped PMMA layer
and (b) a 1.1 �m 4FPEPI doped PMMA layer.

Figure 4.26: AFM images of (a) a 50 nm PEPI layer, (b) a 1 �m 4FPEPI doped
PMMA layer and (c) a 1 �m PEPI doped PMMA layer. Be careful that the vertical

scales are di�erent in these two images

lattice constants perpendicularly to the layer plane (c-axis) are found to be 1.61� 0.01

nm and 1.64� 0.01 nm respectively. These XRD results reveal that PEPI and 4FPEPI

crystals which precipitate in the PMMA matrix are highly oriented, with the c-axis

perpendicular to the substrate surface. Comparing XRD spectra of perovskites doped

PMMA layer with their pure perovskites spin-coated layer (as seen in4.27(c)), we see

the same di�raction angles for the sharp peaks. But there are also some broad low

peaks as marked in Figure4.27(b). We think these broad peaks are associated with the

precipitation of oriented hexagonal PbI2 small particles generated during the annealing

process.
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Figure 4.27: XRD spectrum of (a) a 641 nm PEPI doped PMMA layer and (b) a 1.1
�m 4FPEPI doped PMMA layer. (c) Comparison between XRD spectra of a 641 nm

PEPI doped PMMA layer and a 50 nm PEPI spin-coated layer.
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4.3.3.2 Absorption and Photoluminescence spectra

a) 4FPEPI doped PMMA layer

In this study, 4FPEPI doped PMMA layers are prepared from their 20% solution.

With this 1.1 �m layer, the annealing parameters manifest a more important role than

in other samples. Figure4.28 presents the OA spectra of the 4FPEPI doped PMMA

layers annealed at di�erent temperatures and durations.

Figure 4.28: Comparative absorbance of 4FPEPI doped PMMA layers made from
20 wt% solutions. These samples are annealed at di�erent temperature, and exhibit
di�erent absorption intensities, as seen in (a). (b) The 4FPEPI doped PMMA layers
annealed at over high temperature condition. Measurement is carried on at room

temperature.
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The strong absorbance located at 519 nm is due to the 4FPEPI perovskites. The

wide peak around 385 nm might result from a portion of amorphous molecules which are

not completely self-organized in layer. When the annealing temperature is set at 125oC,

the main resonant peak dosen't appear but only the amorphous peak around 385 nm is

there. When the temperature is raised to 150oC, an absorbance peak at 519 nm arises.

This absorption peak reaches a maximum value among all the samples for annealing at

150oC during 90 min. The intensity declines again as the annealing temperature goes up

to 175 oC. A longer annealing duration at 175oC or a higher annealing temperature will

destroy the perovskites molecules. In Figure4.28(b) we see that the absorption resonance

of the two 4FPEPI doped PMMA samples annealed at 175oC for 1 h and 2h tends to

collapse meanwhile another peak at 500 nm grows. This collapse is more obvious when

the samples are heated at higher temperature: see for instance the layer annealed at 175
oC for 2 h followed by an annealing at 225oC for 10 min, and the sample annealed at 195
oC for 10 min. The OA spectrum of a PbI2 �lm deposited from its DMF solution is also

drawn for comparison. It is clearly seen that the 500 nm OA peak of the over annealed

4FPEPI doped PMMA layers is quite similar to the OA peak of PbI2, which reveals

the decomposition of 4FPEPI perovskites compounds during annealing with probable

degradation of the ammonium salts.

PL experiments are carried on at room temperature under the excitation at 325 nm

of a HeCd laser with a power of 10 mW. From Figure4.29(a) we see that the layers

annealed below 150oC don't present a sharp PL peak at 520 nm but a wide low peak

around 454 nm. This wide peak is attributed to the large amount of amorphous state

molecules inside the layer and it decreases with increasing annealing temperature. At

125oC, we see a very small peak at 525 nm. At annealing temperature 150oC, this peak

becomes predominant meanwhile the peak at 454 nm weakens. This phenomena proves

that a large percentage of 4FPEPI molecules transforms from amorphous state to well

oriented state by proper annealing process. In Figure4.29(c) the 4FPEPI doped PMMA

layers are further optimized with annealing condition. For comparison, the PL of a 50

nm PEPI thin layer annealed at 95 oC for 1 min is drawn in graph. The PL intensity of

4FPEPI doped PMMA layer reaches the highest value when the sample is annealed at

150 oC for 90 min, and then declines as annealing temperature goes up to 175oC.

We equally prepared 3FPEPI doped PMMA layers, PEPB doped PMMA layers,

3FPEPB doped PMMA layers and 4FPEPB doped PMMA layers from their correspond-

ing 20 wt% solution. Sharp optical resonances arise from their respective perovskite

crystals included in PMMA. Equally, we observed that the PL peak intensity varies with

annealing conditions, as shown in Figure4.30 spectra for PEPB doped PMMA layer

and 4FPEPB doped PMMA layers. The OA and PL spectra show that the resonant

peak positions are quite the same as the ones of their corresponding thin �lm deposited

from perovskites in DMF solution. 125 oC is an appropriate annealing temperature

for PEPB doped PMMA layers to achieve �ne optical properties, and that for 3FPEPI
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Figure 4.29: Comparative photoluminescence of (a) 4FPEPI doped PMMA annealed
at 100 oC 10 min to 150 oC 30 min, the included graph (b) is a zoom of (a). (c)
Comparative photoluminescence of 4FPEPI doped PMMA annealed at 150oC 30 min
to 175 oC 120 min. The PL spectrum of a PEPI thin �lm layer is drawn in the same
graph for comparison. The excitation source is a 325 nm HeCd laser, the power is 10

mW. Measurement is carried at room temperature.

doped PMMA layers, 3FPEPB doped PMMA layers and 4FPEPB doped PMMA layers

is found to be 150oC.
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Figure 4.30: Comparative photoluminescence of PEPB doped PMMA layer and
4FPEPB doped PMMA annealed at di�erent conditions. The excitation source is a
325 nm HeCd laser, the power is 10 mW. Measurement is carried at room temperature.

b) PEPI doped PMMA layer

Similarly, all the PEPI doped layers are deposited from a 20% solution as described

previously, while the annealing conditions are varied. OA and PL measurements of these

layers are carried on at room temperature.

Figure 4.31 shows the OA and PL spectra for di�erent annealing conditions. When

the annealing temperature is �xed at 125oC, the OA peaks positions are located at 514

nm and PL peaks are located at 520 nm for the two layers annealed for 10 min and 15

min. As the annealing temperature is raised to 150oC, the main resonant peaks change

a little: 518.5 nm for OA and 522 nm for PL. The resonant band of PEPI doped PMMA

layers seems to be at a little bit higher energy than PEPI thin �lm whose absorbance and

PL peak position situate at 516 nm and 523.5 nm (see Figure2.6.) From the spectra,

we see that the OA and PL intensities of layers vary with annealing temperature and

duration. The most optimized annealing condition for the optical properties are obtained

for annealing at 125oC for 15 min.

4.3.3.3 Photostability

Being protected by the PMMA polymer, the perovskites exhibit much more stable

over time optical properties than their thin �lms. For example the PEPI thin �lms

degrade quickly in one month: the main resonant PL peak at 525 nm disappears as a

result of the attack of moisture and oxygen existing in air. By contrast, the PEPI doped
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Figure 4.31: Comparative (a) absorbance, (b) photoluminescence of PEPI doped
PMMA layers made from 20wt% solutions. For the PL, the excitation source is the 325

nm HeCd laser, the power is 10 mW. Measurement is carried at room temperature.

PMMA layers still keep bright PL 6 months after there are fabricated and can present

good optical properties during an even longer time.

To investigate photostability of these layers, photobleaching measurement is car-

ried on under UV illumination. From Figure 4.32 we see that the perovskites doped

PMMA layer: PEPI doped PMMA and 4FPEPI doped PMMA are more stable than

their corresponding thin �lm samples: PEPI and 4FPEPI. The 4FPEPI doped PMMA

layer degrades less under illumination than PEPI doped PMMA layer since the 4FPEPI

molecules possesses a better stability than the PEPI molecules as we introduced in para-

graph 4.2.2.2. Being the most robust layer with optimized optical properties, the 4FPEPI

doped PMMA therefore becomes a good candidate to be introduced into a microcavity

as it will be discussed in Chapter 5.

The photostability of 4FPEPI doped PMMA layer is also studied at low temperature:

the sample is placed in the cryostat chamber in a helium environment. See Figure4.33.
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Figure 4.32: Photobleaching of 4FPEPI doped PMMA, 4FPEPI, PEPI doped
PMMA, PEPI thin layers under the 325 nm line of a HeCd laser during 1800 s, the
excitation power is 7 mW. The measurement is carried on at room temperature. The
thickness of PEPI and 4FPEPI �lms are about 50 nm, PEPI doped PMMA and 4FPEPI

doped PMMA layers are around 1�m.

This layer is deposited from a 10 wt% solution and annealed at 150oC for 30 min.2

The excitation laser is kept at 10 mW 325 nm and the measurement is performed at 10

K, 80 K and 300 K respectively. We observe that the stability varies according to the

temperature: at 80 K, the PL intensity after 7200 s of illumination is still 87 % of its

initial value which is exceptionally stable, more stable than those at 10 K and 300 K.

The stability of 4FPEPI doped PMMA layer at 80 K is quite remarkable and it is also

the most stable sample among all the perovskites layers we have worked on.

4.4 Conclusion

In this chapter we have studied the photodegradation of 2D layered organic inorganic

hybrid perovskites. From experimental results we �nd that the photostability process

is a complex process into which many factors work together. Being attacked by oxygen

in air, the halogen species in inorganic parts tend to be eliminated. Besides, a photo-

induced thermal e�ect and a photochemical reaction can equally cause decomposition

of the organic components in perovskites. To improve the photostability of perovskites,

we have worked on two aspects: the �rst one is to improve the stability of the organic
2The sample in Figure 4.33 has experienced di�erent annealing conditions compared to the sample

of Figure 4.32, it explains probably the variation of the photobleaching observed at 300 K in the two
�gures.
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Figure 4.33: Photobleaching of 4FPEPI doped PMMA thin layer under the 325
nm line of a HeCd laser during 7200 s, the excitation power is kept at 7 mW. The
measurement is carried on at room temperature. The thickness of 4FPEPI doped

PMMA layer is around 1 �m.

molecules used in perovskites; and the second one is to protect perovskites crystals by

including them in a transparent PMMA matrix. For the �rst one we have prepared and

studied several new perovskites based on �uorophenylethylamines. The results show that

the introduction of a �uorine atom in the organic part of the perovskite has a stronger

in�uence than could have been forecast. Our former hypothesis that the introduction of

�uorine on the phenyl ring would lead to a photostability improvement is now com�rmed.

The position of the �uorine atoms plays an important role: the introduction of �uorine

sometimes quenches the �uorescence, but in other cases seems to have little e�ect, or

even in one case leads to a �uorescence improvement, the underlying reasons are probably

not obvious. However, we have shown that globally, the introduction of �uorine atom(s)

on the phenyl ring leads to an improvement of the perovskites resistance to bleaching

and, among the main families investigated here ( iodide, bromide, of chloride), the new

material 4FPEPB, 4FPEPI and 5FPEPI exhibit superior photostability than the generic

PEPX materials.

For the perovskites doped PMMA layers where the perovskite molecules are included

in PMMA polymer matrix and thus protected from moisture and oxygen in air, the

increase of their photostability is signi�cant. We have realized a very stable layer: the

4FPEPI doped PMMA layer. This type of layer exhibits high PL at room temperature

and high resistance to bleaching under illumination with a UV laser. Remarkably, it

remains 87% of it initial PL intensity after illumination under a 10 mW HeCd laser for

2 hours at 80 K. It is very interesting for perovskites applications in optical devices and
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fundamental studies. Next chapter will present an example of device realized with this

optimized material operating at 300K.



Chapter 5

Planar microcavity and strong

coupling

Light-matter interaction in vertical microcavities, and more particularly the strong-

coupling regime, has been intensively studied since two decadesHoudré (2005); Gibbs

et al. (2011). The �rst observation of the strong coupling regime was discovered by C.

Weisbuch et al. in Fabry-Perot cavities containing III-V inorganic semiconductor in 1992.

Weisbuch et al. (1992) Soon after strong coupling was also found in II-VI semiconductor,

Kelkar et al. (1995) and nitrides. Semond et al.(2005) In molecular materials, the strong

coupling has been demonstrated recently at room temperature with zinc porphyrinLidzey

et al. (1998), J-aggregatesLidzey et al. (1999), sigma-conjugated polysilaneTakada

et al. (2003), anthraceneKéna-Cohen et al.(2008) and perovskite moleculesFujita et al.

(1998); Bréhier et al. (2006); Lanty et al. (2008b). These meaningful works, especially

the cavities operating at room temperature, such as the cavities containing GaN, ZnO

and perovskites, provide a good mean to study the coherent and stimulated optical

e�ects which are expected in such con�ned systems at room temperature and which can

lead to realization of new optoelectronic devices such as low threshold polariton laser

Saba et al.(2001); Kéna-Cohen and Forrest(2010). Furthermore it reveals deep physical

phenomena which are studied for the moment at low temperature in GaAs or CdTe based

microcavities: such as BEC (Bose Einstein Condensation) and super�uidity.

In this chapter, we will talk about some basic principles on microcavities and focus

our attention on two perovskites based microcavities: PEPI based cavity and 4FPEPI

based cavity. Experimental methods used for samples preparation and optical charac-

terization will be introduced. From experimental results, we will discuss in details the

strong coupling regime observed in our microcavities.

137
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5.1 Generalities

5.1.1 Fabry-Perot cavity

The simplest 1D microcavity structure is a planar Fabry-Perot cavity, closed with

two parallel re�ecting mirrors M1 and M2. The geometry of a simple planar cavity is

shown in Figure 5.1.

Figure 5.1: Geometry of a simple planar cavity

Let us suppose that a monochromatic polarized electromagnetic plane wave
�!
E0=A �! " ei(

�!
k ��! r �! t) propagates in y = 0 plane in medium 1 and enters into medium 2

through cavity mirror interface M1 at point O, the polarization �! " can be perpendicular to

the incident plan (Transverse Electric "TE") or parallel to the incident plane (Transverse

Magnetic "TM"). We note its amplitude A and its wavelength �, the incident angle is � i

and � r is the refraction angle. The phase di�erence between each succeeding re�ections

is given by:

�� = (
2�
�

)� =
4�nLcos� r

�
: (5.1)

� is the optical path di�erence between each succeeding re�ections. Here we consider

an ideal optical cavity composed of a homogeneous layer having a length of L between

two parallel mirrors. r 1 (r2) is the re�ection coe�cient of an incident electromagnetic

wave propagating in medium 1 (2) on medium 2 (1), and t1 (t 2) is the transmission

coe�cient from medium 1 (2) to medium 2 (1). n is the average refractive index of

medium 2 (inside the cavity) and the refractive index of medium 1 outside cavity (air)

equals to 1. The re�ection and transmission coe�cients for a TE wave can be expressed
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as: 8
>><

>>:

r1 =
cos� i � ncos� r

cos� i + ncos� r

t1 =
2cos�i

cos� i + ncos� r

(5.2)

8
>><

>>:

r2 =
ncos� i � cos�r
ncos� i + cos�r

t2 =
2ncos�i

ncos� i + cos�r

(5.3)

The total transmission and re�ection of the incident electromagnetic wave at each

side of cavity are caused by interference of multiple beams re�ected and transmitted by

the two mirrors. The total complex amplitude of transmitted (re�ected) electromagnetic

wave Et (Er ) can be described as a sum of all transmitted (re�ected) amplitudes:

Er = Ar 1 + At 1t2r2ei�� + At 1t2r 3
2ei2�� + � � � (5.4)

E t = At 1t2 + At 1t2r 2
2ei�� + At 1t2r 4

2ei2�� + � � � (5.5)

So, the total intensity of transmitted light is:

I t = ~E t ~E t
�

=
A2(t 1t2)2

(1 � r1r2ei�� )(1 � r1r2e�i�� )
=

A2(1 � r1r2)2

1 � 2r1r2cos�� + r 2
1r 2

2
: (5.6)

We �nd

I t = T I 0 =
I 0

1 +
4r1r2

(1 � r1r2)2 sin 2 ��
2

: (5.7)

Where I 0 is the intensity of the incident light and T is de�ned as the total transmission

coe�cient. Similarly, we get the total intensity of re�ected light and the total re�ection

coe�cient R, supposing that there is no absorption in cavity (R+T = 1):

I r = RI 0 =
I 0

1 +
(1 � r1r2)2

4r1r2sin 2 ��
2

: (5.8)

The following Figure 5.2 draws the R and T coe�cients as a function of ��, taking two

sets of parameters:r1 = 0.78, r2 = 0.85 (in red); r 0
1 = 0.28, r 0

2 = 0.25 (in blue). For a

given cavity with �xed length, the phase di�erence �� only depends on incident angle

� i (or � r ). We see from the two examples in Figure5.2 that the minima of re�ectivity

(maxima of transmissivity) always happen for�� = 2m� (m = 1; 2;3; � � � ), whatever the

r1 and r2 values are. The higher re�ectivity the mirrors have, the deeper and thinner



140 Chapter 5 Planar microcavity and strong coupling

the resonance peaks are:a small deviation from2m� position results in great increase

(decrease) in re�ectivity (transmissivity).

Figure 5.2: Total re�ection (a) and transmission (b) coe�cients for two sets of pa-
rameters: r 1=0.78, r 2=0.85 (in red); r 0

1=0.28, r 0
2=0.25 (in blue).

To characterize a cavity system, the concept of quality factorQ has to be used. It

is de�ned as the ratio of resonance frequency to the width of resonance curve:

Qm =
� m

�� 1=2
; (5.9)

where � m is the resonance frequency for the mode m and�� 1=2 is the full width at half

maximum of the resonance peak. Optical cavities designed for resonance at a certain

mode are often wanted to have high quality factor. Especially for the cavities working

in the strong coupling regime, a long lifetime of photons� ph, which is directly related

to the quality factor, is quite crucial to obtain a relatively steady interaction between

photon and exciton. The relationship between� ph and Qm is:

� ph =
Qm

2�� m
(5.10)

Where c is the speed of light. Therefore cavity mirrors with low lost and high re�ectivity

are required to achieve longer photon lifetime. For this reason, the mirrors for highQ

microcavities are strongly suggested to be Distributed Bragg Re�ectors.

Now let us consider the photon mode. The thickness L of the cavity layer should

satisfy the relationship in formula 5.11 to obtain resonance at a speci�ed wavelength�

and a speci�ed m value:

�L = 2nLcos� r = m�: (5.11)
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Let us take the case of the fundamental cavity modem = 1. Because of quanti�cation

of wave vector along z axis (k vector is represented in5.1)

kz = kcos�r = 2n�cos� r =�: (5.12)

we then get:

kz = �=L (5.13)

The energy of a photon having a wave vectork, and propagating in a medium of refractive

index n can be expressed as:

Ep =
~ck
n

: (5.14)

Therefore the parallel component of wave vector (along x and y axis) is:

k== =
nEp

~c
sin� r : (5.15)

The electromagnetic wave comes out from the cavity system to air (n = n0 = 1) with an

angle � , the k== thus checks:

k== =
Ep

~c
sin�: (5.16)

Thanks to this relationship, the momentum in a microcavity system can be probed by

detecting photons emitted out of the cavity with an angle � . Starting from formula 5.16,

angle resolved re�ectivity and photoluminescence experiments have been designed and

will be introduced later in Paragraph 5.2.2.

Ep can be expressed as a function of the incident angle. From Snell-Descartes' law

sin� i = nsin� r , and from formula 5.11 and 5.14, we easily get for every m:

E m
p =

hc
�

=
mhc

2nLcos� r
=

mhc

2nL
p

n2 � sin 2� i
: (5.17)

5.1.2 Distributed Bragg re�ector

DBRs (Distributed Bragg Re�ectors), which are also called dielectric mirrors, are a

kind of highly re�ective mirrors usually applied as re�ectors in planar cavities. A DBR

is made of several identical pairs of two dielectric layers : one has high optical indexnH ,

thicknesslH and the other one has low optical indexnL , thicknesslL . They are designed

to obtain an interference enhancement for a certain wavelength� desired in cavity, the

relationship should satisfy:

nH lH + nL lL = m�=2: (5.18)

Taking m = 1, the thickness of layers in a DBR are thus given by:

nH lH = �=4; n L lL = �=4: (5.19)
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For a large number N of pairs, a DBR presents a frequency range ("stop band") in

which the re�ectivity is close to unity, whose center is determined by the�=4 condition,

and whose width �� is governed by the di�erence between the refractive indexes of the

two constituents. Savona et al.(1995)

�� =
4�
�

arcsin(
jnL � nH j
nL + nH

): (5.20)

So, the larger the di�erence jnL � nH j is, the larger �� we obtain. We have used some

DBRs whose stop band is centered at 515 nm under normal incidence. These mirrors

are realized by Layertec company. They are suitable for cavities containing iodide based

perovskites which resonate in green wavelength region. The structure of mirror consists

in 6.5 pairs of two di�erent layers with nH = 2.36 and nL = 1.46, see �gure5.3(a). These

layers are deposited on a fused silica substrate and a 10 nm thick silica layer is deposited

on the top in order to ensure the deposition quality of perovskites in following steps.

The following Figure 5.3(b) shows re�ectivity curve simulated by transfer matrix

method (the principles of this method will be reminded hereafter in paragraph 5.1.3.2)

at normal incidence. The two dips at 1.88 eV and 2.95 eV are Bragg modes of this DBR

mirror. A wide �at stop band from 1.9 eV to 2.9 eV (FWHM) with high re�ectivity of

about 0.98 is seen.

Figure 5.3: a) Structure of a DBR fabricated by Layertec. The blue bands represent
the layers with nH = 2.36 and the light grey bands represent the layers withnL = 1.46;
b) simulated re�ectivity of a DBR fabricated by Layertec. The stop band is centered

at 515 nm at normal incidence.
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5.1.3 Physics in cavities

5.1.3.1 Strong/weak coupling regime

Embedding an optical emitter inside a microcavity system can lead to additional

e�ects due to the change in the optical density of photon states. Generally, emission from

microcavities is modi�ed in two kinds of regimes: weak coupling and strong coupling.

Kleppner emphasized that in the atomic case, the atom releases its energy because

of its interaction with the optical �eld of the vacuum, so that if the interaction could be

"switched o�", the atom would remain forever in its excited state. And Purcell made a

lot of e�orts to realize the opposite e�ect, that is to say to increase the interaction in

order to get a faster release of the excitation.Purcell et al. (1946); Kavokin et al. He

found that for an emitter embedded inside a microcavity, the photon density of states

can be locally modi�ed when being con�ned in an optical cavity. If the linewidth of

emitter is smaller than that of the cavity mode, the emitter can be considered to couple

to an optical continuum and the emission kinetics is given by Fermi's golden rule. See

Figure 5.4(a). The spontaneous emission rate will be enhanced when the energies of the

emitter mode and of the photon mode are in resonance. This discovery is called Purcell

E�ect and the enhancement is given by the Purcell factor:

Fp =
3

4� 2

� 3
c

n3

Q
Vef f

: (5.21)

where � c is wavelength in vacuum,n is the refractive index of the cavity, Q and Vef f are

the quality factor and volume of the cavity. In the description of the emission above, the

reabsorption is neglected, since this coupling e�ect is thought to be weak.

If a resonant exciton has strong and narrow absorption band and if the lifetimes

of exciton and photon are long compared to their interaction time, the coupling rate of

cavity photons and excitons is larger than the total rate at which they escape out of

the cavity. In this case, the reabsorption is stronger and the system is in a dynamic

process of absorbing and emitting energy, which is named Rabi oscillations, the strong

coupling thus takes place. In the strong coupling regime, the photon and exciton are

no longer eigen modes, new eigen modes: polaritons, emerge: see Figure5.4(b). The

polaritons are linear combination of photon and exciton modes, they are described as

quasiparticles. It is thought that the polaritons behave as bosons. An anticrossing

appears in the microcavity polaritons dispersion, the energy width of this anticrossing is

called the Rabi splitting ~
, see Figure 5.5, which de�nes the coupling strength.Kavokin

et al.; Pradeesh et al.(2009b)
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Figure 5.4: a) An exciton state coupled to the photon continuum states out of the
cavity, resulting in emission in weak coupling regime. b) An exciton state coupled with
discrete photon mode, upper polariton (UP) and lower polariton (LP) emerge in the

case of the strong coupling regime.

The situation of strong light-matter interaction has been of intense interest for the

study of the coherent and stimulated optical e�ects. Therefore, in the following para-

graphs, we will emphatically talk about the study of strong coupling phenomena in our

microcavities.

5.1.3.2 Description of photon-exciton coupling

Transfer matrix method

Light is modeled as a classical monochromatic electromagnetic plane wave
~E(M; t)= ~E0ei( ~k�~r �!t) and the excitonic resonances in the material are treated as Lorentz

oscillators, corresponding to the system of electron and hole bound by a spring. The

transfer matrix model allows to calculate the re�ectivity spectra of some multi-layered

systems, such as microcavities and DBR mirrors. It calculates also the pro�le of the

electric �eld amplitude in microcavities. We will use a matricial writing of this method.

The plane wave~E(M; t)= ~E0ei( ~k�~r �!t) is incident on a planar multi-layered structure:

see Figure5.6, the layers are stacked along the z axis.� i is the angle between the~k1
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Figure 5.5: Dispersion curves of two polaritons in strong coupling regime: upper
polariton branch (UPB) in magenta and lower polariton branch (LPB) in blue. Rabi

splitting is noted as ~
 at the anti-crossing.

wave-vector and the normal axis (perpendicular to the layers plane). We assume that

the incident wave has a linear polarization perpendicular to the incidence plane (TE

polarization).

When the incident wave meets the interface between the media 1 and 2, located at

z=0, a part of the wave is transmitted and another part is re�ected : we will note E+
1 (z)

the incident wave in the medium 1, which spreads forwards (towards z positive in the

scheme5.6), E�
1 (z) is the re�ected wave in the medium 1, and E+

2 (z) is the transmitted

wave in the medium 2. Due to the presence of the following layers, a wave propagating

backwards (towards z negative) in the medium 2 exists also (due to the re�ection at the

interface between the layers 2 and 3) : we note this wave E�2 (z).

With the TE polarization, the continuity of the tangential component of the electric

�eld at z=0 is :

E +
1 (0) + E �

1 (0) = E +
2 (0) + E �

2 (0): (5.22)

The continuity of the tangential component of the magnetic �eld H t = Hcos� at z=0
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Figure 5.6: (a) Schema of a multi-layered structure. (b) A plan wave propagates from
medium 1 to medium 2.

allows to establish a second relationship between the media 1 and 2, from the Maxwell-

Faraday law :

n1cos�1(E +
1 (0) � E �

1 (0)) = n2cos�2(E +
2 (0) � E �

2 (0)) (5.23)

This system of equations can be written as

E �
1 (0) =

1
t12

E �
2 (0) +

r12

t12
E +

2 (0) (5.24)

E +
1 (0) =

r12

t12
E �

2 (0) +
1

t12
E +

2 (0) (5.25)
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Where r12 and t12 are the amplitude re�exion and transmission coe�cients:

r12 =
n1cos�1 � n2cos�2
n1cos�1 + n2cos�2

(5.26)

t12 =
2n1cos�1

n1cos�1 + n2cos�2
(5.27)

This system of equations can be expressed with a matricial form :

 
E �

1 (0)

E +
1 (0)

!

=
1

t12

 
1 r12

r12 1

!  
E �

2 (0)

E +
2 (0)

!

(5.28)

We will use in the following the simplifed notation :

(E 1(0)) = ( P12)(E 2(0)) (5.29)

(P12) is the transition matrix at the interface between the media 1 and 2:

(P12) =
1

t12

 
1 r12

r12 1

!

(5.30)

The propagation of the wave in medium 2, over a distance of d2, leads to a phase

shift for the �eld E 2:

E �
2 (d2) = E �

2 (0)e�ik 2z d2 (5.31)

E +
2 (d2) = E +

2 (0)eik 2z d2 (5.32)

wherek2z = k2cos�2, � 2 is deduced from� 1 with the refraction Snell-Descartes' law, and

k2 = 2�=�n 2 This equation can be written with a matricial notation :

 
E �

2 (0)

E +
2 (0)

!

=

 
eik 2z d2 0

0 e�ik 2z d2

!  
E �

2 (d2)

E +
2 (d2)

!

(5.33)

We will use in the following the simpli�ed notation : (E 2(0)) = ( D2)(E 2(d2)) with

(D 2) =

 
eik 2z d2 0

0 e�ik 2z d2

!

(5.34)

As well, at the interface between the media 2 and 3 :(E 2(d2)) = (P23)(E 3(d2)) and

we can express(E 1(0)) as a function of (E 3(d2)) : (E 1(0)) = (P12)(D 2)(P23)(E 3(d2)).

At the end, step by step, we can write the relationship between the electric �eld

in medium 1 and the electric �eld in medium j : (E 1(0)) = (Sj )(E j (L)) with (Sj )

= (P12)(D 2)(P23) � � � (D j �1 )(P j �1 ;j ) and L = d2 + d3 � � � + dj �1 . The matricial
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relationship between the electric �elds in the medium 1 and in the medium j is then :

 
E �

1 (0)

E +
1 (0)

!

=

 
S11 S12

S21 S22

!  
E �

j (L)

E +
j (L)

!

(5.35)

Taking E �
j (L) = 0, because no wave propagates to the left in the mediumj (this

medium is in�nite for z > L), we obtain the amplitude re�ection and transmission coef-

�cients of the multilayered structure :

t =
E +

j (L)

E +
1 (0)

=
1

S22
; (5.36)

r =
E �

1 (0)
E +

1 (0)
=

S12

S22
: (5.37)

The intensity re�ection and transmission coe�cients are R = jr j2 and T = (n j =n1)jtj 2.

Quasi-particle model

The material can be described by quantum theory with a two level model. We

consider a microcavity where the two oscillators: photon mode and exciton mode are

in resonance. In a single quantum well structure, the in-plane translational invariance

imposes that an exciton within the light cone couples to the photons of the same in

plane wavevectork==. In this quantum mechanical approach, the hamiltonian of the

system exciton-photon in interaction is written, in the basis of the photon statejE p >

and exciton state jE ex >:

H = H0 + W =

 
Ep(k==) 0

0 Eex(k==)

!

+

 
0 V

V 0

!

: (5.38)

The hamiltonian H0 describes the system without light-matter interaction and W

is the coupling hamiltonian which describes the interaction between photon and exciton

states. Ep(k==) and Eex(k==) are the dispersion relations of the photon mode and of

the exciton mode in k== plane. The energy of coupling V is supposed to be real and

independent onk==, and has a relation with the Rabi splitting as:

2V = ~
: (5.39)

As a result of the coupling existing in the system, theEp(k==) and Eex(k==) are no longer

eigenvalues. The total hamiltonian can be diagonalized and the eigenstatesjE U >, called

the Upper energy polariton, and |EL >, called the Lower energy polariton, are linear

superpositions of photon statejE p > and exciton state jE ex >. The new eigenvalues of

H are then found to be:
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EU (k==) =
1
2

(E p(k==) + Eex(k==)) +
1
2

q
(E p(k==) � Eex(k==))2 + ~2
 2; (5.40)

EL (k==) =
1
2

(E p(k==) + Eex(k==)) �
1
2

q
(E p(k==) � Eex(k==))2 + ~2
 2: (5.41)

EU (k==) and EL (k==) are the energies of the upper and lower polariton branches

(UPB and LPB) respectively. The new photon-exciton mixed states are related to non

coupled states as followed:

jE U >= X k jE p > +P k jE ex >; (5.42)

jE L >= �P k jE p > +X k jE ex > : (5.43)

The square modulus values ofPk and X k : jPk j2 and jX k j2, which are called Hop�eld

coe�cients, satisfy jPk j2 + jX k j2 = 1 and respectively correspond to the photonic and

excitonic fraction of polaritons. They describe the probability for the mixed exciton-

photon particle to be found in either one of these states. They are given by the formula:

jPk j2 =
1
2

[1 �
Ep � Eexp

(~
) 2 + (E p � Eex)2
]; (5.44)

jX k j2 =
1
2

[1 +
Ep � Eexp

(~
) 2 + (E p � Eex)2
]: (5.45)

The energy di�erence between photon and excitonEp � Eex at k== = 0 is called

detuning and is usually denoted by � p�ex . When � p�ex > 0 (blue-detuned regime),

lower polariton branch(LPB) is exciton-like; when � p�ex < 0 (red-detuned regime), LPB

is photon-like. In the following Figure 5.7, we show examples corresponding to three

detuning values: � p�ex = -50 meV, � p�ex = 0 meV and � p�ex = 50 meV. The dispersion

curves present photon, exciton, LPB and UPB modes as a function of in-planek==. Rabi

splitting is set as ~
 = 60 meV and energy of exciton is taken asEex = 2.3 eV. The

photon mode is modi�ed by varying the length of cavity.

5.1.3.3 Bottleneck and polariton photoluminescence

The bottleneck was �rstly observed in time-resolved measurements of the polariton

emission in II-VI based microcavities. Müller et al. (1999) M. Müller et al. found an

abrupt decrease of the polariton PL decay time when the character of the polariton state

changed from photon like to exciton like. This observation indicates that the relaxation

process into polariton states having a high photon fraction slows down.Tartakovskii
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Figure 5.7: Dispersion curves of UPB and LPB and Hop�eld coe�cients for three
di�erent detunings: (a), (d) � p�ex = -50 meV; (b), (e) � p�ex = 0 meV and (c), (f) � p�ex

= 50 meV.

et al. (2000) Such e�ects have been much discussed theoretically for the cavity polariton

system. Tassone et al.(1997); Tassone and Yamamoto(1999)

The happening of bottleneck e�ect is largely due to the special dispersion curve shape

of polaritons. In strong coupling regime, the semiconductor is optically excited at high

energy, producing an amount of free electron-hole pairs. These electron-hole pairs form

very quickly excitons and populate the polariton states. For a negative detuning cavity,

the lower polariton is photon-like, characterized by an e�ective mass which is four orders

of magnitude lighter than the exciton mass and by a short lifetime (1-2ps). Kasprzak

(2006) The polaritons confront decay or relaxations as soon as they are generated, there

are generally three cases as described in Figure5.8. Case (a) presents a polariton situated

at an arbitrary k== state which decays by leaking photonic component (the leaked photon

has the same energy as polariton). Case (b) shows a polariton which relaxes e�ciently

along the exciton-like part of the LPB by emitting optical and acoustic phonons by

interacting with free carriers present in the system. And case (c) presents polariton-

polariton many-body Coulomb interactions induced scattering where two polaritons with

the same wave vector become one polariton with largerk== and the other one with smaller

k==, according to the conservation of momentum and energy.
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Figure 5.8: Schema of polariton relaxation process. (a) polaritons decay by leaking
photons. (b) polaritons relax by interaction with phonons. (c) polaritons relax by

polariton-polariton many-body Coulomb interactions.

The LPB has a particular dispersion law with a deep minimum at small wave vectors,

a relatively �at dispersion at larger wave vectors, and a very steep curvature around

anticrossing position. In order to relax to lower state, the polaritons need to transfer a

large energy with small wave vector to the media. As it is not the nature of acoustic

phonons who possess large wave vector and small energy of several meV, the inelastic

scattering rates are weak and the energy relaxation process are therefore slow. In low

pumping regime, the relaxation time in this region is much longer (a few 100ps) than the

radiative lifetime. The photoluminescence dynamics is governed by the balance between

energy relaxation and spontaneous emission rates. As the relaxation rates are much

slower than the polariton radiative emission rates, the excited polaritons can not reach

the ground state at k== = 0, but remain mainly near the in�exion point of LPB and

form an incoherent reservoir of exciton-polaritons, as shown in Figure5.9. In this case,

the emissions from the higher energy states are quite broad both in energy and angle, a

relaxation bottleneck thus occurs. Deveaud(2007)

5.1.3.4 Polariton laser and BEC

The Bose-Einstein Condensation (BEC) of microcavity polaritons was suggested by

Imamoglu et al. in 1996,Imamoglu and Ram(1996) four years after the realization of the

�rst microcavity working in the strong coupling regime. This idea was rather interesting

as this peculiar BEC would result in coherent single mode emission without population

inversion because the polaritons are mixed states of photons and excitons and they obey

boson statistics. In strong coupling regime, as soon as the occupation per mode of the

LPB states exceeds unity, a large population of polaritons at the bottom statek== = 0

will be accumulated and a �nal-state stimulation will then be built up. Meanwhile if the

thermalization processes are fast enough, the polaritons can undergo a phase transition

to a BEC. It is expected this stimulated e�ect is very e�ective and large quantity of

coherent polaritons are formed continually under pumping and leak out of the cavity via

imperfect mirrors,La Rocca(2010) see Figure5.10.
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Figure 5.9: Schema of polariton relaxation bottleneck.

Figure 5.10: Schema of polariton lasing.

Compared with an atomic BEC, one striking virtue of microcavity polariton conden-

sation is that it can occur at relatively high temperature (room temperature). We de�ne

the critical temperature as Tc, in the thermodynamic limit below which BEC occurs. For

an ideal noninteracting Bose gas, the critical temperatureTc is given by Deveaud(2007)

kB Tc =
2� ~2

m
(

nd

2:162
)2=3: (5.46)

Where the kB is Bolzmann constant, nd is the particles density, m is the mass of the

boson. For � p�ex = 0, the polaritons are partially photon-like (50 %) and exciton-like
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(50 %) at k== = 0 , a polariton has an e�ective massmpol which is twice the photon

mass. mpol is four orders of magnitude lighter than the exciton mass, and seven orders of

magnitude lighter than the hydrogen atom mass. Additionally, the density of polaritons

is generally much higher than that of atoms. As a consequence, the critical temperature

for polaritons condensation is generally eight orders of magnitude higher than that needed

for atomic BECs. Deng et al. (2003)

As the temperature needed for atomic BEC is around 100 nK, it is seen that BEC

can be expected at several 10 K, or even at room temperature, with semiconductor

based polaritons. The problem to see BEC at room temperature is that the excitons,

from which polaritons are composed, have to be stable. In GaAs structure, the exciton

binding energy is around 10 meV, which is inferior to kB T = 26 meV (T = 300K), so

that the BEC experiments have to be performed at cryogenic temperature (several K). In

II-VI semiconductors, exciton binding energy is higher, and as a matter of fact, the BEC

has been seen for the �rst time in CdTe-based microcavities recentlyDang et al. (1998).

BEC is now attempted in GaN or ZnO cavities, because exciton binding energies are of

the order of 30 meV in GaN, 60 meV in ZnO. The perovskite 2D layered semiconductors,

with an exciton binding energy of several 100 meV, are thus good candidates for the

study of stimulated e�ects and BEC at room temperature.

5.2 Microcavities containing perovskites

From the two recent decades of study of strong-coupling in vertical microcavities,

many kinds of materials have been introduced as the excitonic active centers. For in-

stance the inorganic semiconductor GaAs-GaAlAsWeisbuch et al. (1992), GaAs Gibbs

et al. (2011), CdZnTe/ZnTe Becker et al. (1992). These inorganic semiconductors form

Wannier-Mott type excitons which generally have a disadvantage: weak exciton binding

energy at room temperature. This characteristic limit obstructs the study of strong light-

matter interaction regime to low temperature environment and special cooling systems

are required. In molecular materials, the strong coupling regime has been demonstrated

recently with zinc porphyrin Lidzey et al. (1998), J-aggregatesLidzey et al. (1999), sigma-

conjugated polysilaneTakada et al. (2003), anthraceneKéna-Cohen et al. (2008). and

in our group, many perovskites based microcavities have been successfully realized with

molecules such as (C6H5C2H4NH3)2PbI4, (C6H5C2H4NH3)2PbCl4 Bréhier et al. (2006);

Lanty et al. (2008b) and (C6H9C2H4NH3)2PbI4 Pradeesh et al.(2009b). Strong cou-

plings with large Rabi splittings are observed at room temperature. In these molecular

materials, large exciton binding energies, of several hundreds meV, are observed, much

larger than kB T = 26 meV at 300 K. As a consequence, strong coupling regime exists

at room temperature and due to the large oscillator strengths, large Rabi splittings are

observed.
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5.2.1 Experimental characterization

5.2.1.1 Fabrication of the microcavities

The microcavities we use in this thesis are constituted by a DBR mirror as the

bottom mirror and a silver mirror as the upper mirror; a spin-coated perovskite layer is

placed inside the cavity. PMMA can be used as a phase layer to adjust the length of

cavity. The structure of DBR fabricated by Layertec company is presented in paragraph

5.1.2, See Figure5.3(a). It consists of 6.5 pairs of two di�erent layers with nH = 2.36 and

nL = 1.46 alternating with each other, and a 10 nm silica deposition on the top. Before

deposition, the dielectric mirrors are washed three times with solvents acetone, ethanol

and isopropanol, in this order, in ultrasonic bath. These mirrors are then immersed

in KOH in ethanol solution for surface treatment in order to facilitate the deposition

of perovskites layers in the next step. Thicknesses of perovskites and PMMA layers are

generally controlled by solution concentration and parameters of deposition (spin-coating

speed and duration of rotation). The silver mirror is deposited by thermal evaporation

method. The evaporator equipped in LPQM is a Auto 306 type ofEdwardsT M company.

The pressure in chamber is lowered under 2.0� 10 �5 mba during deposition, the speed

of deposition is controlled to be about 0.1 nm/s, a silver layer of about 30 nm thick is

formed in about several minutes.

5.2.1.2 Angle resolved re�ectivity experiment

Angle resolved re�ectivity measurement is frequently used as a tool to examine the

light-matter interaction regime inside the cavity. The re�ectivity is de�ned as the ratio

between the amplitudes of incident light and the outgoing light re�ected from the surface

of the cavity. For our microcavity samples whose cavity mirrors are a DBR at one side

and a silver mirror at the other side, we generally measure re�ectivity from the semi-

transparent silver side because very few photons can enter into the cavity from the DBR

side (too weak signal is then obtained). The experiment setup is shown in Figure5.11.

The light source is a Xenon lamp with broad white light emission from 280 nm to 780

nm. Its output light is �ltered by a monochromator and is collimated by a f = 50.2 mm

focusing lens. Similarly to the experimental principle of OA measurement introduced in

chapter 2.2.4.1, the PMT2 is �rstly placed to acquire the intensity of the incident light

I s0(�) without placing sample and the reference signal is recorded asI r 0(�) by PMT1.

Then, the cavity sample is �xed in the center of a rotating plate with the silver mirror

side facing to incident light and the PMT2 is moved to the corresponding 2�direction to

collect the re�ected beam from cavity sample. The signal of the two PMTs are recorded

in this con�guration as I r 1(�) and I s1(�). A polarizer can be introduced on the incident

light path for polarization dependent re�ectivity measurement. The incident angle is
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Figure 5.11: Schema of the angle resolved re�ectivity experimental set-up.

varied by rotating the plate, and positions of PMT2 are accordingly adjusted to collect

the re�ection signal. The re�ectivity signal R is then given by:

R(�) =
I s1

I s0

I r 0

I r 1
: (5.47)

In the strong coupling regime, two dips appear in re�ectivity curves at each detection

angle, these dips correspond to the lower polariton and the higher polariton. To interpret

these data, energy positions of dips are extracted and reported on a dispersion graph as a

function of detection angle. A �tting of the experimental dispersion curves using the two-

levels model is then realized. E�ective index, length of cavity, Rabi splitting, and exciton

energy are the �t parameters. This method will be used to interpret the experimental

results obtained on PEPI and 4FPEPI based cavities in the following paragraphs.

5.2.1.3 Angle resolved photoluminescence experiment

Strong coupling regime in a microcavity can also be characterized by angle-resolved

photoluminescence experiment. It is because the emission of a photon preserves the

same energy and in-plane wave vector as a polariton. This one to one correspondence

relationship enables us to study polaritons indirectly by detecting the information carried

by photons leaked out of cavity. Besides, the intensity of photon emission is proportional

to the instantaneous polariton population. Equally the quantum statistical properties of

the emission replicate those of the polaritons, which will allow us to study the bottleneck

e�ect concerning the population distribution of polaritons along their dispersion curve.

The experimental con�guration of angle-resolved photoluminescence experiment is

shown in Figure 5.12. Light beam from a continuous wave laser (usually the 405 nm
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Figure 5.12: Schema of angle resolved photoluminescence experimental set-up.

resonance line of a diode laser or the 325 nm line of a HeCd laser) is collimated and

arrives perpendicularly to the surface of cavity mirror, incident light enters from the

DBR side. An optical intensity �lter is placed before cavity sample to vary the intensity

of incident light. Photoluminescence signal emitted from cavity sample through the silver

mirror is then collected at di�erent detection angles � and analyzed with a spectrometer

followed by a CCD camera.

5.2.2 PEPI based microcavity

a) Design and preparation

The PEPI �=2 cavity is the most basic cavity we fabricate. It was �rstly made

by Antoine Bréhier in 2005 and we call it "standard cavity". It consists of two layers

between a silver mirror and a DBR mirror: a PEPI 50 nm layer and a PMMA layer. Its

structure is sketched in Figure5.13.

Figure 5.13: Schema of structure of a "standard cavity" PEPI microcavity.

The PMMA layer, which works as a transparent spacer in cavity, is used to tune

the length of the cavity and thus the energy of the photon mode existing in cavity. The
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behavior of the fundamental photon mode as a function of detection angle is simulated

by transfer matrix method: Figure 5.14. Thickness of the PEPI layer is 50 nm, the

thickness the silver mirror is about 30 nm, a normal incidence is considered. The PEPI

Figure 5.14: Simulation of the fundamental photon mode in a PEPI microcavity.
PEPI layer is �xed to be 50 nm and the silver mirror is 30 nm. The curves in di�erent

colors correspond to di�erent thicknesses of PMMA layer.

active material absorbs at 516 nm thus the exciton energy is �xed to be 2.4 eV as the

black solid line. We see that, to obtain a resonanceEp = Eex at a detection angle of

45o, a suitable thickness for the PMMA layer is about 100 nm. The PEPI layer of 50

nm is deposited from a 10 wt% PEPI in DMF solution and the spin-coating parameters

are set to be 3000 rmp for 60 s which is a little bit di�erent from those used on quartz

substrate. A 100 nm PMMA layer, which is deposited from a 4wt% PMMA in toluene

solution, is then applied upon PEPI layer: the PMMA parameters of spin-coating are

2200 rmp for 40 s with gyset and the annealing condition is 95oC for 20 min. Here we

use toluene as solvent because perovskites are not soluble in it, so that the PEPI layer

will not be destroyed by deposition of PMMA.

The �gure 5.15 presents the distribution of electric �eld in a standard microcavity

where the thickness of PMMA layer is 100 nm. We see that the electric �eld node is

located in the PEPI layer. Therefore this microcavity will not satisfy an optimal coupling

between the excitons of PEPI and the cavity mode. This drawback can be remedied by

introducing a PMMA spacer between the PEPI layer and the DBR mirror in order to

displace the PEPI layer to the right position, where there is the maximal amplitude of

electric �eld. Lanty et al. (2008a)
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Figure 5.15: Pro�le of the electric �eld for the cavity mode energy 2.4 eV (blue line).
The black curve presents the refractive index of the layers.

b) Optical characterization

Angle resolved re�ectivity spectra for the cavity are measured at room temperature

for detection angles ranging from 10o to 70o. Varying the angle of detection� relative to

the surface normal axis allows to tune the relative energy separation between the active

layer exciton energy (considered as dispersionless and so angle-independant) and the

cavity photon mode energy, which is related to� by Formula 5.17: Ep(� ) = E0r
1�( sin�

ne�
)
2

where E0 is the photon mode at normal incidence (� = 0) and nef f is the e�ective

refractive index of the entire cavity. As shown in Figure5.16(a) two dips appear in each

curve and their depths and positions change with angle. A clear anticrossing between the

two transitions is observed. For low incidence angles, the lower energy minimum is the

stronger one. As the angle increases, the intensity of the low energy dip progressively

decreases whereas the intensity of the high energy one increases. Around 30o, both

transitions have the same intensity with an energy separation of 170 meV. For angles

superior to 30o, the upper energy dip becomes the stronger one, while the lower energy

dip intensity decreases. We extract the dip energy positions from �gure5.16(a) and

report them in Figure 5.16(b) as a function of k==, (k== = (E=hc)sin� , Formula 5.16

). A two level model (Formula 5.41 and 5.40) is used to �t these experimental results.

We get the following �tting parameters: nef f = 1.97 1, Eex = 2.4 eV, L = 139.66 nm,

and Rabi splitting ~
 = 172 meV. The obtained value of Eex corresponds well with

1nef f is a �tting value which represents the average e�ective refractive index of the microcavity.
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the absorption energy of the PEPI exciton. nef f is found to be superior to the PMMA

index, due to the presence of the PEPI active layer which has a larger refractive index

than that of PMMA and L has a convenient order of magnitude regarding the deposition

parameters. We conclude that the strong coupling regime occurs in this microcavity and

that the two dips result from the lower and upper polaritons.

Figure 5.16: (a) Re�ectivity spectra and (b) dispersion curve of a PEPI cavity with
anticrossing around k=== 8.3 �m �1 (detuning � p�ex = -147 meV). The dashed line
across dips in (a) are guides for the eyes and the re�ectivity curves are displaced along

y axis for clarity

By changing the thickness of the PMMA layer, variation of detuning factor � p�ex

can be achieved in these PEPI microcavities. Figure5.17 and 5.18 show two cavities

with anticrossing at k=== 0 �m �1 (� p�ex = 0 meV) and k=== 10.7 � m�1 (� p�ex = -298

meV). Their PMMA layers are around 68 nm and 120 nm, they have been deposited

with 3.5 wt% and 4.2 wt% PMMA in toluene solution respectively.

The quality factor Q of the cavities can be roughly estimated from the LPB dip in

re�ectivity spectra of negative detuning cavities since the LPBs are more photon-like at

low angles: Q = 36 for the cavity of Figure 5.16, Q = 32 for the cavity of Figure 5.18.

Angle resolved PL spectra are measured at room temperature excited by the 325 nm

line of a HeCd laser of 0.5 mW: see Figure5.19. The energy position peaks of the lower

energy PL peaks correspond well to the �tting dispersion curve of LPB in Figure5.18(b)

where the PL peak positions are signi�ed with blue star symbols. The peak located at

2.37 eV is independent of detection angle and it is regarded to be photoluminescence of the

non-coupled exciton of PEPI layer. This luminescence leaks out from the microcavity as a
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Figure 5.17: (a) Re�ectivity and (b) dispersion curve of a PEPI cavity with anticross-
ing around k== = 0 �m �1 (detuning � p�ex = 0 meV). The dashed line across dips in
(a) are guides of eyes and the re�ectivity curves are displaced along y axis for clarity

Figure 5.18: (a) Re�ectivity and (b) dispersion curve of a PEPI cavity with anticross-
ing around k=== 10.7 �m �1 (detuning � p�ex = - 298 meV). The dashed line across dips
in (a) are guides of eyes and the re�ectivity curves are displaced along y axis for clarity.
The stars correspond to PL peak positions from angle resolved PL measurements of

Figure 5.19.
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result of imperfect cavity mirror and bad quality factor. The absence of the UPB emission

has been suggested to be due to the quick relaxation towards uncoupled excitonic states.

Agranovich et al. (2003)

Figure 5.19: Angle resolved PL spectra of the PEPI standard cavity of Figure5.18.
The excitation source is the 325 nm line of a HeCd laser at 0.5 mW. PL intensities are
normalized to 1, each PL curve is �tted by two lorentzian peaks (in magenta and blue);

and the green curve is the sum of the two lorentzian peaks.

From angle resolved PL measurements, we can study the degree of thermalization

of the polaritonic states in k== space. Müller et al. (2000) The intensity of the lower

polaritonPL peak I pl (� ) that we capture in experiment is an integration of the num-

ber of photons emitted under the angle� during exposure time, it is therefore a value

proportional to the time-averaged polariton population nk==
: Tartakovskii et al. (2000)

nk==
= I pl (� ) � � rad : (5.48)

where 1=�rad is the radiative rate. 1/ � rad depends on� esc, the time that photons escape

through the mirrors (typically 1 ps, for our quality factor) and on photonic weight jPk j2:

1
� rad

=
jPk j2

� esc
: (5.49)
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Then we have polariton population:

nk==
= � esc

I pl (� )
jPk j2

: (5.50)

To determine Ipl (� ), the intensity of the lower energy polariton emission, we need

to deconvoluate the PL spectra, as we have seen that the emission of the uncoupled per-

ovskite is close to the lower energy polariton emission. The process of this deconvolution

is shown in Figure 5.19. From the �t of the dispersion curve which provides the �tting

parameters to calculatejPk j2 and from the values of Ipl (� ) determined from deconvolu-

tion of the PL spectra, we are able to calculate the values ofI pl=jPk j2 as a function of

k==.

Figure 5.20 (b) shows the polariton population calculated by G. Lanty Lanty et al.

(2008a) for an optimized PEPI cavity (in which the electric �eld is maximum under the

PEPI layer): the values of Ipl (� ) are obtained from Figure5.20(a). The maximum value

of I pl=jPk j2 is 5 times larger at 8:5 �m �1 than the value at 0 �m �1 . We conclude that

it exists a relaxation bottleneck e�ect in this study.

5.2.3 4FPEPI based microcavity

In previous section, we have studied standard PEPI based microcavities. The trials

on these cavities provide us a technical protocol to refer as well as an experimental

experience for following studies. However, there are still two di�culties to overcome

in PEPI contained microcavities. Firstly, due to the too large roughness of the spin-

coated perovskite layers, see Figure2.2, 3.10 and 2.21, the improvement of the quality

factor by monolithic deposition of a dielectric mirror directly on the perovskite layer,

is impossible. Secondly, although better than organic materials regarding the photo-

stability, the perovskite emission decreases with time under laser illumination. In chapter

4, we have identi�ed a new material, presenting better photostability and roughness:

4FPEPI doped PMMA. So here, we will perform some microcavities containing this new

material .

a) Design and preparation

The 4FPEPI based microcavity structure is shown in Figure 5.21. The 4FPEPI

doped PMMA layer embedded between the two mirrors is about 350 nm, it is prepared

by spin-coating a 4FPEPI-PMMA mixed DMF solution: the weight ratio of 4FPEPI and

PMMA is 1:5 and the concentration of PMMA in DMF is 10% in weight. The thin layer

has been annealed at 150oC during 30 minutes after being deposited by spin coating at

a speed of 2000 rpm for 30 s. The topological properties of this layer are shown in Figure
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Figure 5.20: (a) Angle resolved PL spectra of PEPI standard cavity. The excitation
source is a 405 nm diode laser. (b) Value ofI pl =jPk j2 as a function of k==. The
uncertainty of the PL integrated values Ipl have been marked as vertical errors in graph

5.22(b) where it is found that the roughness is rather small: � = 0.86 nm compared

with � = 10.55 nm for a PEPI 50 nm layer, see Figure5.22(a). As a consequence, we
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Figure 5.21: Schema of structure of a 4FPEPI doped PMMA microcavity.

can conclude that this method of deposition allows to improve the roughness by a factor

of ten.

Figure 5.22: AFM images of (a) a 50 nm PEPI layer and (b) a 350 nm 4FPEPI doped
PMMA layer.

The refractive index n of the 4FPEPI doped PMMA layer has been measured by

spectroscopic ellipsometry measurement (Sopra Model GESP5): n = 1.654. With this

350 nm layer we thus realize a�-cavity. The silver mirror is kept around 30 nm and the

DBR mirror is the same as that of PEPI microcavity. The distribution of electric �eld

is simulated by the transfer matrix method and results are presented in Figure5.23. We

see that the active 4FPEPI doped PMMA layer fully �lls the cavity and that electric

�eld experiences two maxima on this layer.

b) Optical characterization

(I) Perovskites layers

Let us remind the optical properties of PEPI spin-coated and 4FPEPI doped PMMA

layers. Figures5.24 shows the comparison of optical properties for the 4FPEPI doped

PMMA layer used in microcavity and a 50 nm thin PEPI layer prepared in the same
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Figure 5.23: Pro�le of the electric �eld for the cavity mode energy 2.4 eV (blue line).
The black line presents the refractive index of the layers.

conditions as in PEPI standard cavities: a 10wt% solution of PEPI dissolved in DMF is

deposited by spin-coating on a quartz substrate at a speed of 2000 rpm for 30 s, and is

annealed at 95oC during 1 minute. As seen in Figure5.24(a), this 50 nm PEPI thin layer

absorbs at 2.39 eV and emits at 2.368 eV. For 4FPEPI doped PMMA layer in Figure

5.24(b), the maxima of the absorption and photoluminescence peaks of 4FPEPI doped

PMMA lie at 2.386 eV and 2.357 eV respectively, that is to say practically at the same

energies as PEPI spin-coated layers. The Full Width at Half Maximum of the PEPI and

4FPEPI doped PMMA peaks are quite similar. Figure 5.24(c) shows the behavior as a

function of time of the integrated PL intensity of PEPI and 4FPEPI doped PMMA layer,

under a HeCd laser illumination of 7.4 mW at 325 nm: it can be noticed that 99 % of the

PL intensity is lost after 100 minutes for PEPI. This problem can be a critical drawback

for experiments involving some non-linear e�ects and so requiring strong incident power.

By contrast, 4FPEPI doped PMMA layer is further improved: after 100 min, 60% of the

PL signal remains.

(II) Microcavity

Angle-resolved re�ectivity measurements of the microcavity are performed using a

xenon lamp as the excitation source, between the angles 0o and 65 o, at room tem-

perature. Figure 5.25 shows a series of re�ectivity spectra at room temperature. Two

dips, whose energy position, intensity and linewidth are angle dependent, are observed.

A clear anticrossing between the two transitions can be seen, which is the signature of
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Figure 5.24: Optical density (scatters) and photoluminescences spectra (solid lines),
at T = 300 K, of (a) a 50 nm PEPI thin layer , (b) a 1 �m 4FPEPI doped PMMA
thin layer.(c) Photobleaching of 4FPEPI doped PMMA and PEPI thin layers under

the laser HeCd 325nm for 6000 s.

the strong coupling between the active layer exciton and the cavity mode. The energy of

the two minima observed in Figure5.25are reported in Figure5.26as a function ofk==,

k== = ( E=hc)sin� . The experimental results are �tted using a standard two-level model

(solid blue and magenta lines in Figure5.26) with formula 5.40 and 5.41.

A good agreement between the experimental results and the two level model is

obtained for Eex=2.38 eV, nef f = 1.624, ~
 = 89.6 meV, L = 350.3 nm and the quality

factor estimated from re�ectivity measurement is about 36. The value ofnef f obtained

from the �t is quite coherent with the value of the refractive index of 4FPEPI doped

PMMA obtained from spectroscopic ellipsometry measurements. This Rabi splitting is

slightly smaller than that the Rabi splitting obtained with the spin-coated PEPI layer

of the previous paragraph, which is coherent with the fact that in this new cavity, the

perovskite nanosized inclusions are dispersed along the whole cavity.

Photoluminescence spectra have been performed for various detection angles, rang-

ing from 0 oto 60 o, they are reported in Figure 5.27. The energy positions of the

photoluminescence peaks have been reported as stars in Figure5.26. For angles up to

35 o, two peaks are present in the spectra. As for the PEPI cavity, the position of the

high energy peak is independent of the detection angle, whereas the position of the lower

energy peak varies as the detection angle is tuned. The dispersionless data correspond

to the exciton of the non-coupled perovskite, since the energy position of this peak cor-

responds to the energy position of the photoluminescence of the active layer, see Figure
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Figure 5.25: Re�ectivity spectra of 4FPEPI doped PMMA cavity, for di�erent angles
of incidence. The dotted lines are guides to eyes. The quality factor is estimated to be

about 36.

Figure 5.26: Polariton dispersion (LPB and UPB) measured from re�ectivity spectra
of Figure 5.25. Uncoupled perovskite excitonEex and cavity photon Ep are also shown.

The stars represent the energy position of the PL peaks observed in Figure5.27.

5.24(b). The variation of the position of the low energy PL peak as a function ofk==

coincides with the dispersion relation of the low energy polaritonic branch.
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Figure 5.27: PL spectra of 4FPEPI doped PMMA cavity. PL signals are detected
from 0o to 60o. Each PL curve is �tted by two lorentzian peaks(in green), and the red

curve is a sum of the two lorentzian peaks.

From the PL results, we further study the polariton population. The jPk j2 values

are obtained from formula5.44by using the �tting values L, nef f , ~
, and Eex. I pl is an

integration of �tted lorentzian deconvolution peak of LPB in Figure 5.27. From Figure

5.28, it is clear that largest values of polariton population along LPB don0t appear at

k== = 0. The maximum value is obtained for k== = 9.59 �m �1 (detection angle at 50o),

where the polariton population is about 19 times larger than that at k== = 0 �m �1 . In

this cavity also, a bottleneck e�ect is then observed.
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Figure 5.28: (a) Photonic weight jPk j2 and (b)Value of I pl =jPk j2 as a function of k==.

5.3 Conclusion

In this chapter, we have presented some basic principles and phenomena which

happen in cavities presenting a photon-exciton strong coupling regime. The polaritons

are quasi particles possessing a photon part and an exciton part, they have the nature

of bosons and possess light e�ective mass. Some methods to design and characterize

microcavities have been introduced. Angle resolved re�ectivity and PL measurements

are very useful tools to probe polariton states inside cavity, as the photon which we

detect carries information about the polariton. Two microcavities have been realized:

a PEPI �=2-cavity and a 4FPEPI doped PMMA �-cavity. Both cavities exhibit the

strong-coupling regime at room temperature, and a bottleneck e�ect has been observed

on the lower polariton branch of the two cavities.





Conclusions

The electronic industry has been developed constantly since 1950s, from the initial

inorganic materials to the organic materials. The exigence of new functional materials

with easy processing and less expensive manufacture cost has always been pursued and

call for e�orts of researchers. Organic-inorganic hybrid perovskites which combine the

properties of organic and inorganic semiconductors, are hopeful candidates for future

opto-electronic devices. The exciton binding energies and oscillator strengths are very

large in these systems making the applications at room temperature possible. Whereas,

as a relatively new material, the perovskites still have many behaviors that are not well

understood and a lot of research work is necessary. In this thesis, the main aim of this

research work concerns the study of the optical properties of perovskites and their use

as active material in microcavities working in the strong coupling regime.

We have synthesized plenty of perovskites with conventional and new organic cations.

We have investigated the molecular structure related factors that may in�uence the op-

tical properties. Meanwhile, we have exploited another preparation approach by mixing

di�erent kinds of perovskites, in order to extend their photoluminescence range, improve

the photoluminescent e�ciency and photo-stability. Structural and optical characteriza-

tions have allowed to understand more deeply the characteristic features of perovskites

and �nd some trends to fabricate perovskites with improved properties. At the same

time, it feeds back and helps to develop the synthesis methods.

To support the substance of the thesis, we �rst reviewed some knowledge and re-

sults from former works on the organic-inorganic perovskites in Chapter 1. The unique

organic-inorganic perovskites structure can be adapted by lots of organic cations and

various inorganic atoms which provide large potential to tailor their properties. Thanks
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to the self-assembling ability of these molecules, the perovskite crystals can be formed

conveniently by diverse deposition techniques. Here in our work, we choose to use the

simple spin-coating method for �lm samples and focus our attention on the PbX2�
4 (X

= I, Br and Cl) based 2D layered perovskites group.

In the synthesis work as detailed in Chapter 2, we adopt soft chemistry methods

to synthesize organic ammoniums and perovskites. In addition, we explore several other

methods to fabricate nanoparticles and large crystal bulks of perovskites. Two methods

have been developped to fabricate the nanoparticles: the solution method and the spray

drying method, which is the most e�cient method to generate nanoparticles with good

optical quality and identical sizes. For the growth of crystal bulks, we mainly tried

the room temperature evaporation method and worked on several di�erent solvents. By

slow solution exchange method with acetone and ether solvent, we obtained a 7 mm�

5 mm � 3 mm PMPI crystal bulk, and a 8 mm � 4 mm �15 mm PEPI crystal bulk

has been grown from mixed solution nitromethane/acetone, which shows bright green

photoluminescence at room temperature.

In order to characterize the properties of perovskites, we have built up our home-

made experiment setups at room temperature and at low temperature. By substituting

di�erent organic cations in (R-(CH 2)nNH3)2PbX4 and (NH3-R-NH3)PbX 4 perovskites,

various interesting modi�cations in properties are observed. The 2D phenyl-based per-

ovskites self-assemble via "�" - "� " stacking and have more smooth surfaces than other

perovskites assembled via Van der Waals force. From the OA and PL experimental re-

sults, we �nd that the photoluminescence of 2D layered organic-inorganic perovskites is

strongly in�uenced by the steric encumbrance of R group, as well as the according length

of -CH2 chain. For example, the 2-phenylethanamine and cyclohexylmethanamine are

found to be optimal organic structures to accommodate in the space between the inor-

ganic sheets provided by the PbX4�
6 octahedra.

The high �exibility of perovskites allows us to successfully create new groups of

mixed crystals such as (R-NH3)PbY xZ4�x (mixing in the inorganic part) and AB-(NH 3)2PbX4

(mixing in the organic part). These mixed perovskites, which present averaged properties

of their precursors, further enlarge the possibilities to tune the optical properties as we

want: the energy gaps can be continuously tuned by changing the molar ratio among the

di�erent precursors. In the group of CMPC4B4�x for example, the emission wavelength

can be continuously tuned from 332 nm to 403 nm.

Photo-stability is an important feature in the study of perovskites: although more

photo-resistant than the traditional organic materials, the photobleaching is still a prob-

lem for most perovskites, which limits their applications under long-term intense illu-

mination. The Chapter 4 intensively explored the important factors which in�uence

photo-stability. We carried on some experiments to study and summarized the possible
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reasons which cause the degradation phenomena of perovskites. We found that photo-

chemical process is a predominant problem in the degradation. It may cause oxidation

and elimination of halogen species in inorganic parts, followed by a decomposition of

the organic cations. Following the trends we discovered, we synthesized some photo-

stabilized perovskites: 5FPEPI, 4FPEPI and 4FPEPI crystals embedded in a polymer

(PMMA) matrix . After the continuous illumination with a 7 mW HeCd laser (325 nm)

during 1h, the remaining PL intensities of the 4FPEPI based photo-stabilized perovskites

are around 50% of their initial PL intensities. Compared with the 0% value for PEPI,

signi�cant improvements are obtained.

Finally, the optimized stable smooth layer 4FPEPI doped PMMA is embedded in

a �-microcavity. The strong coupling regime with a large Rabi splitting of 90 meV

is demonstrated from angle-resolved re�ectivity and photoluminescence experiments at

room temperature.

A great asset of perovskites, regarding the applications in opto-electronic devices, is

the possibility of modifying, as desired, their optical properties by molecular engineering.

As a further example of moleculer engineering, we present in appendix B a new system we

have performed very recently, the study of which being still in progress: perovskite-based

nanoantenna.

In a more global context, the organic-inorganic perovskites compounds have been

applied to many �elds such as energy transfer systems, strong coupling with cavity

photons or surface plasma, and many electronic devices such as OILEDs, TFTs, solar

cells. The primary success is quite encouraging. Especially the perovskites-sensitized

solar cells, who exhibit a high conversion e�cient up to 6.54%, which is so far the highest

e�ciency among the reported inorganic QD sensitizers. Looking forwards, the prospect

of organic-inorganic hybrid perovskites is very promising. There is still a large space to

improve the performances of applications containing perovskites and substantial potential

to exploit their new functions in technology and industry. Just like it is remarked in

article Oulton et al. (2003): "In the future, the combination of both materials systems

will allow the rules that apply to matter and light to be further stretched, potentially

seeding a new paradigm in optoelectronic devices."





Appendix A

Synthesis of 2-penta�uorophenylethyamine

Since the 2-penta�uorophenylethyamine is not commercial available, we perform

the synthesis in order to obtain the organic basis of per�uorophenyl perovskites. The

reagents penta�uorophenylacetonitrile (C6F5CH2CN, assay 99%), lithium aluminum hy-

dride (LiAlH 4, assay 95%) and anhydrous aluminum chloride (AlCl3, assay 99.9%) are

purchased from Sigma-Aldrich company. The reaction process is described as in formulas.

5.29

Figure 5.29: Proposed reaction for preparation of 2-penta�uorophenylethyamine.

Referring to the method used in referenceKönemann et al. (PCT/EP2009/053201,

2009), we dissolve 1.24g AlCl3 in 10 ml dry THF (tetrahydrofuran) solvent and add this

solution to another reaction �ask where 370 mg LiAlH4 are dissolved in 10 ml dry THF.

After several minutes, 2g C6F5CH2CN is then added slowly and dropwise (This process is

very violent). After stirring at room temperature for about 1 hour, the remaining LiAlH 4

is quenched with water, the 16 ml of 6N sulfuric acid and 8 ml water are added. In a

separating funnel, the ether phase is removed and the aqueous phase is then extracted

three times with 30 ml ether at each time. The aqueous phase is brought to PH�14 with

NaOH powder. Finally, the aqueous phase is again extracted by shaking three times

with 30 ml of ether each time. The organic phases are then combined and dried by

evaporator. The concentrated liquid at the bottom of �ask becomes solid after several

days in air, it is then proved to be the 2-penta�uorophenylethyamine by NMR (Nuclear

Magnetic Resonance) measurement, as shown in Figure5.30.
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Figure 5.30: H1 NMR spectrum of 2-penta�uorophenylethyamine



Appendix B

Synthesis of naphthalimide based perovskites and energy trans-

fer between excitons

In the recent years, photo-induced energy transfer occurring at molecular scale is

one of the most interesting issues which has attracted much attention from chemists and

physicists in particular to exploit the potential applications of this kind of molecules,

such as optical nano-antenna. It is thought that the perovskites systems, having an

organic-inorganic hybrid structure may have the ability to couple two di�erent types of

excitons (Wannier excitons and Frenkel excitons) in a single molecule, and some energy

transfer at the molecular scale is expected.

Take the PbX2�
4 based perovskites for example, as shown in Figure5.31, if the

organic cation can accumulate energy by absorbing a mount of photons, it is expected

that the energy can be transferred to the inorganic part PbX2�
4 which is the optical center

of the photoluminescent system. Therefore, the absorption ability of organic moiety is

very important.

Figure 5.31: Schematic illustration of energy transfer from organic part to inorganic
part inside a perovskite molecule
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Naphthalimide compounds, who have highly unsaturated structure, are an attractive

class of electron-de�cient organic materials for OLEDs. They have high electron a�ni-

ties, Cacialli et al. (1998) wide energy gaps Swensen et al. (2011); Koech et al.(2010);

Cosimbescu et al.(2011); Liu et al. (2010) and low reduction potentials,Ozdemir et al.

(2010) making them good candidates for use as n-type materials in OLEDs. Additionally,

the naphthalimide counpounds are a very good optical absorbers. It is reported that the

naphthalimide structure possesses large absorption coe�cient about 8000 L�mol�1 cm�1 .

Compared to the absorption coe�cient 200 L�mol�1 cm�1 of phenyl structure, it absorbs

at least 40 times stronger than the general organic structures.P.Audebert

Synthesis of naphthalimide

The reagent anhydrous 1,8-naphthalic (C12H6O3, assay 97%) is purchased from

ACROS company, the ethylenediamine (NH2CH2CH2NH2, assay 99%)is purchased from

Sigma-Aldrich company and the N-Boc-ethylenediamine ((CH3)3COCONHCH2CH2NH2,

assay 98%) is purchased from Alfa Aesar company. The synthesis method is described

in Formulas 5.32 and 5.34. To be clear, we de�ne the abbreviations as shown in Table

5.1.

Table 5.1: Chemical structure and abbreviation of "APH" based products

Chemical structure Abbreviation
APH

APH-BOC

APHPX

The �rst step is to synthesize "APH-BOC", we take 2.69 g 1,8-naphthalic, 2.42 g

(3.33 ml) ethylenediamine and 2.40 g (2.4 ml) N-Boc-ethylenediamine and dissolve them

in about 30 ml dichloromethane (CH2Cl2). After being stirring for 4 h, the reaction
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mixture is quenched with an aqueous 1N HCl solution, and the organic material is ex-

tracted with acetate ethyl (CH 3COOCH2CH3). The extracts are then dried over MgSO4

�ltered, and concentrated in vacuum evaporator. At last some colorless sticky solid is

left at the bottom of �ask, which is proved to be "APH-BOC" product with high purity

by NMR measurement (400 MHz, CDCl3) . The resonant peaks are very coherent with

the predicted spectrum.

Figure 5.32: Proposed synthetic route for preparation of "APH-BOC".

Figure 5.33: H1 NMR spectrum of "APH-BOC"
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After being dried for several days, the "APH-BOC" product is then passed to the

second step to fabricate ammonium salts as described in Formulas5.34. For that, APH-

BOC is �rstly dissolved in dichloromethane solvent since the "APH-BOC" is not soluble

in ether which we always used for amines. Then, slightly over dosed HX (X = I and Br)

aqueous solution is added. The ammonium salts thus generated are then �ltered, wash

with n-pentane and dried in vacuum. At last, this salts are mixed with inorganic PbX2

to prepare the perovskites "APHPX", as seen in Formulas5.35.

Figure 5.34: Proposed reaction for preparation of "APH" based ammonium salts.

Figure 5.35: Proposed reaction for preparation of "APHPX" (X = I, Br and Cl)
perovskites.

Optical properties

The optical measurements are carried on for the APH-BOC organic product, as

well as APH based perovskites APHPX. Figure5.36(a) shows the absorption spectra

of two solution samples: APH-BOC and APHPB samples, the solvent is DMF. A large

absorption band at about 335 nm is observed in both curves, which exhibit the strong

absorption of organic cation. The abrupt absorption below 270 nm is due to the apsorp-

tion of DMF solvent. In Figure 5.36(b), we see the absorption spectra of APHPX (X =

I, Br and Cl) thin �lms samples. The large peak around 335 nm appears in the curves of

all these three samples, besides, anther peak at 380.5 nm is also observed for APHPI. PL

spectra of APH-BOC and APHPB �lms are measured at room temperature, as presented

in Figure 5.37. These samples are deposited by spin-coating, and annealed at 95oC for

1 min. The intensity of APH-BOC PL is normalized to 1, this sample exhibits strong

PL under an exitation of HeCd laser (325 nm). The emission centered at 461.5 nm is

thought to be due to singlet state of organic "APH" structure, thus called �uorescence.

The PL of APHPB and APHPC which are situated 505.4 nm and 495 nm respectively

possess large FWHM, nearly 100 nm. They are not like the sharp resonance which arise
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Figure 5.36: Absorbtion spectra of (a) two solution samples: APH-BOC and APHPB
in DMF samples. (b) APHPX (X = Cl, Br and I) thin �lms

Figure 5.37: PL spectra of APH-BOC and APHPX (X = Cl, Br and I) �lm samples.
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from inorganic sheets, but very similar to the large FWHM peak of APH-BOC, 79.6 nm.

Therefore, it is very possible these emission of APHPB and APHPC are from the triplet

states of their organic "APH" part. This assumption is likely because of the presence of

the heavy atom "Pb", because of which spin-orbit coupling occurs and mixes the singlet

and triplet states, which triggers the interband transition from the singlet state to triplet

state. This results still need further study to prove.
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