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Supervisor: Dr. Annamaria Petrozza

HIS thesis deals with the optical characterization of various 3D lead-halide
Tperovskites, via experimental investigation and modeling, with the aim to de-
scribe the photophysics underlying the photon absorption and emission in these
materials. It describes the work performed predominantly by Valerio D’Innocenzo
in the period 2013-2015 for attainment of his Ph.D. The experiments were carried
out at the Center for Nano Science & Technology in Milan, under the supervision
of Dr. Annamaria Petrozza.

Chapter 1 provides a brief introduction to the contextual background with
particular attention given to the state of the art of lead-halide perovskites research.
Moreover it furnishes a brief review of the fundamental semiconductor optoelec-
tronic properties, highlighting the theoretical model that will be employed in the
subsequent chapters.

Chapter 2 describes the sample fabrication procedures and all the experimen-
tal tools and techniques used in order to carry out the research presented in this
thesis.

Chapter 3 includes an extensive analysis of the linear absorption spectra
of lead-halide perovskites using established theoretical models. Based on these
experimental results we give an estimation for the exciton binding energy in these
systems. Moreover, studying the thermodynamic equilibrium that is established
between the bound and ionized photo-excited states, we conclude that within
a photovoltaic operation regime the excitonic contribution to the charge carrier
formation is negligible. Eventually, we report the experimental evidence testifying
the link between the morphological properties of the material and the exciton
binding energy value.

Chapter 4 describes the photoluminescence properties of C H3N H3 Pbl; per-
ovskite. We show that, despite the marked excitonic feature characterizing the
absorption spectrum, the emission is governed by a trap-limited electron-hole bi-
molecular radiative recombination. Moreover we report the possibility of tuning
the the spectral emission and radiative rate via tuning of the lead-halide bonding
angle within the crystalline lattice.

Chapter 5 contains the results of time-resolved photoluminescence and ex-
citation cross-correlation experiments performed on both C'H3N H3PbBrs and
CsPbBrs. According to the experimental results we claim that, despite the high
exciton binding energy, as estimated from the absorption spectra, the exciton
is not stabilized in neither the case, resulting again in a trap-limited electron-
hole plasma luminescence. Eventually we investigate with the same techniques
a C'sPbBrs colloidal nano-crystals solution. In this case, thanks to both the re-
duced trap-induced morphological disorder and a quantum confinement effect, we
observe that the excitonic state is stabilized and acts as the dominant emitting
specie.



For a successful technology, reality must take precedence over public
relations, for nature cannot be fooled.

— Richard P. Feynman, (on the Space Shuttle Challenger Accident)
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Preface

79 HE Stone Age did not end for lack of stone, and the Oil Age will end long
Tbefore the world runs out of oil”.! This statement, pronounced in 1973 by
the then Saudi Arabia ministry of oil Sheikh Zaki Yamani, was placed in the
historic context of the first oil crisis which, for the first time, drew the attention to
the research of possible alternatives to the main global energy resource. Weather
this prophecy will revel itself true or not, there is no denying the fact that the
search for innovative solutions in the field of energy is a fundamental issue which
the scientific community has been addressing for several decades.

Lead-halie perovskites constitute a class of materials that today set itself as
a viable option in order to address the global energy issue. Presented for the
first time in a publication dating back to 1978 only more recently they were
embedded as active materials in photovoltaic devices. As these early applications
stemmed from the dye sensitized solar cells (DSSC) community, the description
of lead-halide perovskite photophysics was often reminiscent of the organic dyes
experience characterizing the DSSC research activity since 1990s. The lack of
a clear understanding of the photophysical processes governing the photon to
electron conversion in these materials may severely hamper the full realization of
their potential as a new photovoltaic technology.

In this thesis we present a thorough spectroscopic investigation of both hybrid
and fully inorganic lead-iodide and lead-bromide perovskite. Via the analysis
of the absorption and luminescence properties we give a major insight into the
physics of light-matter interaction, thus enabling the reader to place back the
lead-halide perovskite into the more appropriate stream of research of the bulk
crystalline semiconductors.



CHAPTER

Introduction

1.1 Material perspective

In 1839 Gustave Rose, a German mineralogist, discovered and reported the min-
eral structure of calcium titanium oxide (CaTiOs). This mineral was later on
characterized by the Russian mineralogist Lev A. Perovski who was the first to
report its crystalline structure which, therefore, derived the name of Perovskite.

This family of material adopt the chemical formula ABX3; where A and B
stand for cation of different size and/or nature, while X are anions. Starting
from their first appearance the most broadly studied among perovskites are the
metal-oxide ones (i.e. X = O) mainly thanks to their interesting ferroelectric and
magnetic properties, and to the possible application as superconductive materi-
als.? The interest in hybrid meatal-halide perovskite date back to 1884 when the
first hybrid metal-halide perovskite structure, based on gold and chloride, was
published.? In 1958 Mgller reported the first lead-halide based perovskite with a
paper investigating the photoconductive properties of C'sPbX3 perovskite,* while
the first hybrid organic-inorganic lead-halide perovskite structure was published
in 1978 by Weber and Naturforsch.?

It was not until the end of the 20th century that the perovskite were employed
in electronic devices as semiconductors. Kagan and Mitzi contributed with pio-
neering works demonstrating the possibility to employ layered organic-inorganic
halide perovskites as the active phase in thin film transistors (TFTs) and light
emitting diodes (LEDs).% 8

Early photovoltaic (PV) application of hybrid perovskites date back to 2006
when Miyasaka and coworkers employed methylammonium lead bromide (A =
CH3NH;, B = Pb X = Br) as sensitizer on nanoporous 770, scaffold within a
liquid electrolyte based dye-sensitized solar cell (DSSC) architecture, achieving a
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1.1. Material perspective

power conversion efficiency (PCE) of 2.2%.? From this starting point in few years
the perovskite based solar cells (PSC) followed a stunning device improvement
going hand in hand with an increasing conversion efficiency. In 2009 the afore-
mentioned research group obtained a PCE of 3.8% replacing the Br with the I,*
while in 2011 Park and co-workers used a combination of conventional dyes and
perovskite nanoparticle improving the device efficiency to 6.5%.'! Further works
focused on the improvement of the device stability through the substitution of the
liquid electrolyte with a solid state hole transporting material (HTM).!? A turning
point was represented by the works of Etgar et al.!® and Lee et al.,'* in which they
reported the possibility either of removing the HT'M material or to substitute the
n-type mesoporous 170, electron transporting layer with an inert Al,O3 scaffold
obtaining a 9.7% and 10.9% PEC devices respectively. These reports drew the
attention of the scientific community on the working mechanism of the PSCs; i.e.
on the role of the electron and hole extractin layer, encouraging the investigation
of planar architecture.®'” Notably in the work by Lee et al. was also reported
for the first time a mixed halide perovskite, thus paving the way to the material
composition tuning enabling tuning of the optical band-gap, eventually leading to
a record PCE exceeding 20%.'®

The multitude of optoelectronic properties ideal for PV applications, such as
the high charge carrier mobility and the large spectraly tunable absorption co-
efficient, together with the low cost solution-process based deposition and the
strong defect tolerance make hybrid lead-halide perovskite successful candidate
for a new affordable PV technology and a promising material for for applications
beyond photovolatics.

1.1.1 Crystalline structure and phase

In this section we briefly present the structural properties of the hybrid lead-halide
perovskite crystal. Without the aim of reporting a thorough description of the
crystalline structure, we will discuss only the concepts which are necessary for the
comprehension of the subsequent discussion.

In the case of hybrid perovskite the A site is occupied by an organic cation. The
most widely used in PV field is the methylammonium ion C'H3N H;™ which will
be indicated in the following as MA, however most recently also formamidinium
(CH(NHy)$, FA) has been successfully employed. Moreover a mix of this two
cations was proposed in different ratio in order to tune the bandgap granting an
increased absorption of the low energy region of the solar spectrum.'®2! Cs is by
far the most commonly employed inorganic cation. The smaller size of Cs with
respect to MA ans FA, together with the absence of an intrinsic dipole moment,
make this cation very interesting for the investigation of the influence of the A
cation on the overall material optoelectronic properties.'® Very recent trends are
also exploring the possibility of mixing Cs and FA.

The B is a metal cation from the IVA group in a divalent oxidation (Pb**,
Sn*T, Ge*T). In this thesis we will consider only the case of lead-based hybrid
perovskite. This choice is dictated by the fact that lead has proven to be superior
with respect to tin and germanium both in terms of performance and stability.
It’s anyway worth noticing that a entire field of research is devoting much effort

3



1.1. Material perspective

in order to replace lead with tin in virtue of its reduced toxicity, as testified by
some preliminary results from Noel et al.?? and Hao et al.?

The X site is occupied by an halide anion which has shown to be the most
effective component in terms of material’s properties tuning. The effect of the
halide anion substitution and mixing will be briefly discussed in the following.

(a) (b) - e (©

C ___________ ‘ ey SN o A site: MA*, FA*

@] 7

6____L ___________ ‘ ; '\ '\ "YXY"
! . i [ o o
P @ | o/ % % S

' P I - W /.
| 2@ & s ° B site: Pb 2*
Lise . -
L e [ W . )
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Figure 1.1: The perovskite unit cell. (a) A cations (blue) occupy the lattice corners, B cations
(yellow) occupy the interstitial site, and X anions (orange) occupy lattice faces. (b) An
alternative view of the structure comprehending more than one unit cell depicting B cations
assembled around X anions to form BXg octahedra. (c) Possible occupants of A, B and X
sites.

Similarly to their inorganic parent, hybrid perovskite components obey some
allowable tolerance factors in order to achieve the desired crystalline structure.
The most striking consequence is that the dimensionality of the perovskite crys-
talline system can be tuned simply changing the organic-inorganic molar ra-
tios. In the case of lead one can go from dot structures (0D) in the case of
(CH3N H3)4PbX62H,0, to perovskite wires (1D) for C' HygN Ho PbX3, layered per-
vskite (2D) C,,Hop, 1 N H3PbX, and bulk crystals (3D) of CH3N H3PbI3.'®

The ideal symmetry of the 3D crystalline structure is a face centered cubic cell
in which the organic cation A occupy the lattice corners, the B cations (lead in
our case) occupy the center of the cell, while the halide X are arranged on the
lattice faces coordinating in a BXg octahedra (figure 1.1.(a)). Notice that both
the symmetry and the electronic structure of the system is entirely defined by the
B — X bond, however the steric hindrance from A cation can cause a distortion of
the inorganic cage, thus affecting the symmetry and the optoelectronic properties
of the perovskite. This case will be discussed in more detail in section 4.3. In
the ideal case (no distortion considered) the cubic perovskite structure belong to
the Pm3m space group with a 12-fold coordination of the A cation and a 6-fold
coordination of the B cation. Deviations from the ideal symmetry can be due
from several factors, among which the most relevant is the relative radii size of
the A, B and X elements. The tolerance t** and octahedral factor p? together
represent a guideline for determining halide perovksite formability and, despite
not being entirely sufficient to predict all the possible , they can furnish a good
first approximation in the prediction of the crystalline symmetry, as shown in
figure 1.2.
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The octahedral factor provides a direct information on the stability of the B Xg
octahedron, which define the possibility of a perovskite structure formation. In
particular in the case of halide perovskite formation occurs when the B and X
atoms are chosen in order to have p > 0.442, over this value the octahedron will be
unstable preventing the perovskite formation. The tolerance factor describes the
possible deviation from the ideal cubic symmetry as a fanction of the relative radii
size. In general for halide perovskite one has that 0.85 < ¢ < 1.11 corresponds to
the cubic structure formation, however a more detailed prediction can be made
following some simple observations:

(1.1)

(a) for t < 1 a tilting of the octahedra, and consequent symmetry reduction, is
expected due to a compression of the B-X bond;

(b) for ¢t > 1 one can observe an higher stability of the hexagonal structure usually
due to a large A cation radius;

eventually in the case of an excessively large cation A one will have t » 1 and the
consequent formation of a reduced dimensionality perovskite system.

0.90
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0.70
< X
< 0.60 a |:|<> + " X
5 O X
§ 050 O X
T 040
=]
£
£ 0.30 1 OMAPBl;  OMAPbBr;  OMAPBCI
= 0204 OMASHl;  COMASnBr; < MASKCI,
' XEAPbl;  +EAPbBry  XEAPBCL
010 4 X EASNI +EASBr,  XEASNCl,
0.00 T T | T T
0.75 0.80 0.85 0.90 0.95 1.00 105

Tolerance factor, t

Figure 1.2: Calculated t and p factors for 12 halide perovskites based on either methylammo-
nium (MA) and ethylammoniu (EA). The corresponding formamidinium (FA) based halides
are expected to have intermediate values between those of the compounds shown. Figure
adapted from reference,?® with permission.

As already mentioned, in general perovskite crystals reveal a cubic symmetry
(Pm3m) at room temperature. However depending on the constituent they can
assume either a tetragonal (I4/mcm) or an orthoromobic (Pnam) phase. More-
over upon temperature cooling these crystals can undergo phase transitions from
cubic to tetragonal to orthorombic. For example, considering the two perovk-
site crystals considered in this thesis, while the M APbl3 pervoskite undergoes a
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1.1. Material perspective

cubic to tetragonal phase transition at 327 K and a tetragonal to orthorombing
at 167 K,2»? M APbBrs forms in cubic phase at room temperature!® and no
phase transition occurs in the explored temperature range (77 K - 400 K). As the
symmetry of the crystalline structure defines the electronic band structure the
aforementioned phase transitions can directly affect the absorption and emission
properties of the material. We will discuss in more detail this possibility in section
3.2.

1.1.2 Role of the halide substitution

As already mentioned the halide anion has shown to be the most effective com-
ponent to tune the optical and electronic properties of this material. While in
the following chapters we will broadly discuss how the exchange from I to Br
halide deeply affects the absorption and emission properties of the perovskite,
in this section we report a brief summary of the state of the art concerning the
electro-optical devices based either on iodine or bromide base perovksite.

Iodide (I). Moving down in the VIIA group of the periodic table the halogen
ionic radius increases and, once incorporated in a perovskite structure, this will
affect the electronic structure inducing a red-shift of the absorption onset, i.e.
a reduction of the semiconductor band-gap.'® This is probably the main reason
behind the unrivaled superiority of the iodine based hybrid lead-halide perovskite
with respect to the Cl and Br based counterparts in PV application. Moreover
it’s worth noticing that the very little mismatch of the between Pb an I ionic
radius guarantees the formation of a crystalline structure with little lattice strain,
thus demonstrating a good chemical stability. Nevertheless lead-iodide perovskite
turned out to be highly moisture sensitive, thus heavily affecting the long term
stability of the device.?® For this reason the community of material scientists
is now putting great effort in the investigation of mixed halide perovskite in order
to improve the stability of the devices without loss in performance.

Mized Iodide-Chloride (I3_,Cl, ). While the employment of pure Cl-based per-
ovskite is of very little interest to the photovoltaic community, mainly due to
the high energy bandgap of this material, starting from the pioneering work by
Lee et al.'* the CI incorporation within M APbI; is regarded as one of the main
route towards high efficiency PSCs. Recent works showed that using a mix of
lead Chloride (PbCl,) and methilammonium iodide salt (M AI) as precursors one
can obtain a Cl doped M APbI; perovskite showing an improved carrier diffusion
length and photoluminescence lifetime with respect to the pure Iodide material,
despite showing identical bandgap.?®3” More recently Docampo et al. investi-
gated the effect of an increasing Cl doping (from 0 wt% to 20 wt%), showing
that while the PL lifetime monotonically increase with the Cl content, the device
performances are optimized with a very little content (5 wt%).*® At the same
time Grancini et al.,;?® through Raman and XRD measurements, highlighted the
absence of the Cl ion within the unit cell. However they pointed out that, in the
planar structure, the presence of Cl source drives the crystallization process in-
ducing a preferential order of the organic moiety thus leading to the formation of
larger and oriented perovksite grians. As we will discuss in more detail in section
4.3, this doping induced change in the film morphology is intertwined with the

6



1.2. Review of the fundamental opto-electronic properties of semiconductors

optoelectronic properties.

Bromide (Br) Thanks to its high miscibility, the Bromide-lIodide halide ex-
change has been shown both in perovskite nano-crystals and thin films.*>4! No-
tably the Br inclusions provoke a compressive stress of the Pb-I cage causing a
structural distortion that in turn lead to a continuous shift of the band-gap,*? thus
enabling a precise tunign of the material absorption onset via chemical control of
the reactants ratio. Recent works reported mixed Br-I based solar cells showing
both a tunable bandgap ranging within 1.48 and 2.23 eV, with a champion device
showing a PCE of 14.2%,%° and an improved long-term stability,** mainly ascribed
to the reduced moisture sensitivity.

Beside the mixed halide, the pure halide M APbBrs has been widely investi-
gated semiconducting material for light-emitting devices. The long carrier life-
time and high charge mobility,** together with the low non-radiative recombina-
tion rates make M APbBrs an ideal material for semiconductor lasers and light
emitting-diodes. Notably some preliminary works both in lasing*>“% and electro-
luminescent*” devices have been recently reported.

As a consequence of the brief material perspective reported above we believe
that a thorough understanding of the photophysics underlying the optical prop-
erties of the pure halides materials is, at this stage, mandatory. In the following
we will focus our attention on both the experimental observation and model-
ing of steady-state and time-resolved photon-absorption (chapter 3) and photo-
luminescence (chapters 4 and 5) properties of M APbl3 and M APbBrs3.

1.2 Review of the fundamental opto-electronic properties of semicon-
ductors

UV-Vis optical absorption measurements,'®25:32 presenting a steep absorption

edge, and DFT calculations reported in literature*®4° show that hybrid perovskite
are characterized by a direct-bandgap semiconductor like optical behavior. The
electronic structure of hybrid lead-halide perovskite is mainly defined by the B-X
bond angle in the inorganic cage structure. In particular recent studies on the elec-
tronic structure of 2D and 3D perovskite showed that the valence band maximum
and conduction band minimum are determined respectively by an antibonding
hybrid orbital between the B-s orbital and X-p orbital and a non-bonding hybrid
state between the B-p and the X-p.*®°%51 Notably the reverse ordering of the
band-edge states (a p-like conduction band) with respect to the broadly studies
[TI-V semiconductors, result in some peculiar optical properties such as thy split-
ting of the conduction band, rather then the valence band,”® and an anomalous
Varshni-shift®® as explained in the following.

As already mentioned, while not directly contributing to the electronic struc-
ture, the cation A steric hindrance can cause a distortion of the B-X bond®® 5
affecting the symmetry, thus influencing electronic and optical properties, as we
will discuss more deeply in the section 3.4

For the sake of the clarity in this section we report a brief summary of the
semi-classical light-matter interaction for direct band-gap semiconductor.

7



1.2. Review of the fundamental opto-electronic properties of semiconductors

1.2.1 Band structure

On first approximation a 3D semiconductor can be effectively described as N
interacting one electron system organized into a crystal lattice. Despite the ap-
parent simplicity of this model this is, in principle, a multi-particle problem since
each electron is interacting both with the lattice nuclei and with all other elec-
trons. However within the independent electron approrimation one can discard the
electron-electron interaction potential V. .(r) and represent the electron-lattice in-
teraction with a single electron effective potential V. g(r) with the periodicity of
the underlying lattice. However complex the V. g expression can be, qualitatively
it can be expected to have the shape displayed in figure 1.3a, where the effective
potential (solid line) matches the individual atomic potential (dashed lines) close
to the lattice sites while it gets flat between them.

Thanks to the definition of this single particle potential the problem reduces
to the solution of a single electron Schréoedinger equation:

Hyp(r) = [ = 292 £ V0] o) = Boe). (1.2)

2m

where ¢ have a known form and take then name of Bloch states. In fact, according
to the Bloch theorem,®® as a consequence of the periodicity of V.4 these state have
the form of a plane wave times a function with the lattice periodicity:

(1) = up(r)e™™ (1.3)

where uy is the periodicity function of the crystal lattice. Solving equation 1.2 for
a wavefunction of the form 1.3 it can be shown that the problem eigenvalues lie
within two allowed energetic bands that are defined as valence (E,) and conduction
(E.) band respectively.

(a) (b)
A V() A E

Figure 1.3: (a) Periodic potential for a 1-D lattice (solid lines) superimpose to the isolated
ions potentials (dashed lines). (b) Dispersion relation for a finite semiconducting crystal.



1.2. Review of the fundamental opto-electronic properties of semiconductors

The relation between the energy of each allowed state and its wave-vector k
is defined as dispersion reletaion E(k). When the wave-vector k is little enough
one can approximate the dispersion relation E, (k) with a parabola, which in the
reference system of figure 1.3b can be written as:

h2k? R?
Ev = — s with my = 57—
2m, ek
) . (1.4)
Ec = EG + s with me = PE.
2m. h

where m, . is the effective mass of the electron at the top/bottom of the valence/-
conduction band. This is know as the parabolic band approximation.

In the case of a spatially finite semiconducting crystal the boundary conditions,
i.e. the periodicity of the structure, impose that the total phase shift of the Bloch
state k - r is a multiple of 27t. Thus, given a certain crystal dimensions (L,-L,-L,),

k will only assume the discrete values k; = QL—TZ_Z, 1 = x,y, 2 and each state will
occupy a definite volume Ak in the k-space:
(27)°
Ak = ——— (1.5)
L,L,L,

Note that in this approximations the electrons are treated as free particle within
the conduction band , thus their crystal momentum will be p = hk.?3

1.2.2 Density of states

In the following we will limit our discussion to the case of an intrinsic 3D semicon-
ductor (i.e. L; much larger than the electrons de Broglie wavelength), with a direct
band-gap, being these approximations suitable for the scope of our discussion.

Considering again the k-space we can evaluate the number of allowed electronic
states, with wavevector ranging from 0 to k, as the ratio between the volume of
the sphere of radius k and the unit cell volume Ak, time a factor 2 accounting for
the electron spin.

B 4/37k? KV
N(k) = 2(27r)3/(LmLyLz) 3?2 (1.6)

The density of state per unit volume is then readily evaluated as:

AN k2

k)= == 1.
pCﬂJ( ) de 7T2 ( 7)
or, as a function of energy (pc,(E)dE = p.,(k)dk):
1/ 2me, 2
e Bew) = 2_71'2( 2 ) VE (1.8)

9



1.2. Review of the fundamental opto-electronic properties of semiconductors

where E, and E, are measured from the bottom of the conduction band (E,. =
E — Eg) and top of the valence band (E. = —F) respectively. Note that the
density of states reported here was evaluated considering a 3D k-space, thus its
form will vary in the case of quantum confined systems.>

Electrons, being fermion, follow Fermi-Dirac statistics, thus if we consider the
semiconductor in thermal equilibrium the occupation probability of a given level
of energy E will be:

1
f(E) = 1 + e(B—Ep)/kT

(1.9)

where k& now stands for the Boltzman constant and Er the Fermi level. In the
case of an intrinsic semiconductor Er will lie in the middle of the bandgap thus
giving a fully occupied valence band and an empty conduction band (figure 1.4a).

(a) (b)

1
>k | T
R AR E_ ----------- f,(E,)
Fv

v E, Vv E

Figure 1.4: Dispersion relations and occupation probability function in thermal equilibrium (a)
and quasi-thermal equilibrium (b) condition.

Upon light absorption some electrons will be raised from the valence to the
conduction band leaving behind an equivalent hole (electron vacancies) density.
Since the intraband relaxation time (& 1ps®%°7) of electron /holes within the con-
duction/valence band is much faster with respect to the interband relaxation, i.e.
electron hole recombination, being between 1-100 ns®?36:37 we can safely assume
that a thermal equilibrium is established within each of the band allowing the
definition of an occupation probability f. and f, for the conduction and valence
band respectively. In this so called quasi-equilibrium approximation Ep. and Ep,
represents the quasi-Fermi level for each band, which indicate the energy level up
to which each band is fully occupied at T = 0K, as shown in figure 1.4b where
the shaded areas indicate the filled states.

Note that one can define the hole occupation probability for holes in the valence
band simply as f, = 1 — f,. We can, thus, calculate the density of electrons in
the conduction and holes in the valence band just integrating over the energy the
product of the density of states and the occupation probability functions. Notice

10



1.2. Review of the fundamental opto-electronic properties of semiconductors

that in this case we defined two separate energy scales for the conduction and
valence band (refer to figure 1.4) in order to make the integral evaluation simpler.

Ne = /Ooo pc(Ec)fc(Ec)dE

. (1.10)
Nh - /0 pv<Ev)fv<Ev)dEv

Eventually it’s interesting to notice that the quasi-Fermi level of each band is
univocally define by the injected carrier density of electron (holes) according to
the following expression:

(1.11)

V) e

2 ¢ = B.JkT and ep = Ep /KT

where N, = 2(27rmckT/h2)

1.2.3 Optical transitions
Absorption coefficient

Let’s now consider the interaction between the semiconductor and an electromag-
netic wave. In the case of a simple plane wave we can write the electric field
as:

E(r,t) = Bye!(kertr=2m0) (1.12)

where k,,; is the optical wave vector. Ia a dipole approrimation framework we
can write the perturbation Hamiltonian H’ as:

H = —¢E r (1.13)

Within the perturbation theory approximation the transition rate W between
two Bloch state ¥; and 15 of energy E; and E, is given by the Fermi Golden Rule:

2
m
W = ﬁ]H{(QO)F(S(V — ) (1.14)

where vy = (Ey — Ey)/h and

HYP = ’ / 3 (—er - Boel0on ™)y v | (1.15)

are respectively the energy and the transition matrix element of the optical tran-
sition of interest.
In this approximation the transition rate is non-null only when:

(a) the optical photon energy matches the transition energy: E = hv (energy
conservation),

11



1.2. Review of the fundamental opto-electronic properties of semiconductors

(b) the wave-vectors satisfy the relation ko = k,,x + k; (k-conservation).

In fact |H{(20)| is the integral over the entire space of a function oscillating as
i(ky + kopt — ko) - 1, thus this will be non vanishing only when the oscillating term
is null.

Notice that since kyo = p/h ~ mysvy, /B =~ 106 7cm™! while k,,y = 27n/\ ~
10°cm ™!, then the k-conservation result in:

which is referred to as dipole selection rule, indicating that the optical transition
must be vertical in the energy dispersion diagram.

Given a certain impinging electromagnetic wave intensity [ we define the optical
transition cross section ¢ as the ration between the rate W of the transition and
the corresponding photon flux F = I/hv:

(1.17)

g =

W
F

Being I = e0n|Eo|* we obtain:

4 2W 212y 1
o= hv = —
eon|Egl?  megch 3 g

(v —1p) (1.18)

where g(v — 1) is a function accounting for the electron-phonon interaction in-
duced broadening, and p = [ ujerusdV is the matrix element upon satisfaction
of the selection rule. Notice that the 1/3 term arises from the average along the
three possible k directions.

In order to evaluate the absorption coefficient it is now necessary to evaluate
the elemental number of transitions dN(E,) which energy lie between E, and
Ey + dEy. This number can be evaluated as dN = p;(Ey)dEy) where p; is the
density of possible transition from the valence to the conduction band satisfying
the energy and k conservation, referred as the joint density of state. In order to
satisfy the energy conservation we will have that:

By — <Ec+ Z%%) - (E + hgk%> (1.19)

v
Me 2my,

where, given that E., represent the top (bottom) of the conduction (valence)
band, we have defined the energy level involved in the transition as Fy; = E,, +
Bk}, /(2me,). Considering the momentum conservation ( ky ~ ky ~ k) and

defining the electron-hole reduced mass m% = m%J + WILC:
h2k? h2k?
Ey=(E.— FE, =F 1.20
o= (o= Bu)+ 75 = Bot oo (1.20)

Under the above mentioned selection rules we know that for each state in the
valence band there is only one corresponding state in the conduction band, thus

12



1.2. Review of the fundamental opto-electronic properties of semiconductors

the number of transition will be equal to the number of state (either in conduction
or valence band), i.e. p;dEy = p(k)dk. Thus using equation 1.7 and the relation
vy = Ey/h we retrieve:

4m
pi(vo) = 72 (2m,)**\/hvy — Eg (1.21)

i.e. the density of transitions with frequency lying between vy and vy + dvy.
The number of net absorption transitions dN at frequency 1y will be given by
the difference between the number of absorption transitions dN,, determined by
the probability of having an electron in the valence band f,(F;) and an empty
state in the conduction band 1 — f.(Es), and the number of stimulated emission
transitions dNg, which are defined, conversely, by the probability of having a free
state in valence band 1 — f,(E;) and an occupied state in conduction band f.(E2):

AN (v9) = dNy — dNse = pj(vo)dvo[fo(Er) — fe(E2)] (1.22)

Ultimately the absorption coefficient at frequency v is obtained as da = o (v —
v9)dN (1) where the homogeneously broadened transition cross section o is given
by equation 1.18.

2

o) = () gt = vy () (B — S By (123)

assuming that each transition’s broadening g(v — 14) is much narrower than the
join density of state function and the occupation probability we can treat g(v —uvy)
as a delta function and thus retrieve the absorption coefficient a(v) = [ da(wp):

2

o) = (N )1 (B) — f(B)] (124

negch/ 3

For a visible-band gap semiconductor Eg >> kT, thus f,(F;) ~ 1 and
fe(Es) =~ 0 giving:
3

2
alv) ~ ap = i M—(er)?’/Q\/hy e (1.25)

" negeh? 3

Optical gain

If we now reconsider equation 1.22 in the case in which the stimulated emis-
sion events exceed the absorption events we can define the optical gain as g =
aolfe(F2) — fu(E1)]. In order to have a net optical gain we have to impose that
fe(E2) — fy(E1) > 0 thus retrieving a condition for the quasi-Fermi level of the
conduction and valence band:

Eq < hv < Ep. — Ep, (1.26)

known as the Bernard-Douraffourg condition. The equal case gives a null gain g
= 0 and the corresponding injected carrier density is defined transparency density

13



1.2. Review of the fundamental opto-electronic properties of semiconductors

Ni.. When the injected carrier density exceed N, there will be a positive optical
gain:

g=0(N — Ny) (1.27)

where o is referred to as the differential gain o = dg/dN.

1.2.4 Excitonic semiconductor absorption

The results reported in the previous section are based on the assumption of a
full delocalization of the electron wavefunction over the entire lattice. In other
words the Bloch state picture is taking into account the electron-lattice interaction
though leaving aside the electron-electron interaction, i.e. the fact that once
one electron is promoted from the valence to the conduction band its presence
will affect all the other states available in the crystal. While that works as a
good approximation for most commonly used semiconductors characterized by a
good local screening of the free-carrier interaction, that is not always the case for
hybrid organic-inorganic perovskite semiconductors which in some cases can show
excitonic behaviour.?” %0

In order to tackle this problem we should reconsider the Schréendinger equation
with a semi-classical many-body Hamiltonian:

0

iho = (v, H] (1.28)
where H = Hy+ H,.+ H' with Hy being the single particle part, Hg the Coulom-
bian interaction Hamilatonian and H’ the electromagnetic field interaction already
introduced in equation 1.13. It’s interesting to notice that at 1%* order approxi-

mation the homogeneous part of the linearized problem results to beb! :

R2V2
{ om,

v<r>] 6,(x) = By (x) (1.29)

which is called the Wannier equation, a problem mathematically identical to the
Schréedinger equation of the hydrogen atom. The bound solutions of equations
1.29 are defined as Wannier-Mott excitons which can be depicted as particles con-
stituted of a tightly bound electron-hole pair moving together with a reduces mass
m, = (mL + m%l)_l, while the unbound ones represent the Coulomb interacting
free carriers states.

In order to get the adsorption coefficient it possible to compute the electron-
hole susceptibility x(v) (refer to Koch®? for a detailed discussion) and then retrieve

the absorption coefficient as a(v) = (2Z2)S[x(v)]:%

= 4B E
alv) = agD{Zﬂ—bé(hV— Eq — n_§)+

n3
271'\/ Eb

E
—27. ] b
1 —e n hv—Eq

n=1

0(hv — EG)} (1.30)
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1.2. Review of the fundamental opto-electronic properties of semiconductors

where o3P = %%2(27717.)3/ 2 is the prefactor related to the 3D joint density of

states and n is a positive integer.
Equation 1.30 was first elaborated by Elliott®* and it shows that 3D exciton
absorption consist of two contribiutions:

(a) aseries of resonance line at frequency %# with a rapidly decreasing oscillator
strength (oc n™3),

(b) a ionized states absorption &y contribution

The energy of the exciton ground state FEj, is referred to as binding energy,
in fact this is the energy difference between the first bound state (n = 1) and the
bottom of the conduction band, i.e. the exciton ionization energy.

Notably comparing this continuum contribution and equation 1.25, we can
write a relation between the free-carrier absorption & and the ionized states
one:

Acont = afreec(y) (131)

2 hv — Eq
Cv) = _%\/Tb\ / E, (1.32)
1 —e hv—Eq

is the Sommerfeld correction factor. Notice that for hv — Eg then C(v) —
2my / (mf—lbc)v showing a striking difference with the square root behavior displayed
by eq. 1.25.

where

- free

Coulomb enhancement

Normalized o(v)

Energy (eV)

Figure 1.5: Calculated band edge absorption for a 3D semiconductor with (solid line) and
without (dashed line) accounting for electron-electron interaction.
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1.2. Review of the fundamental opto-electronic properties of semiconductors

In figure 1.5 we reported the simulated absorption coefficient for a 3D semi-
conductor according to equation 1.30 (solid line) and equation 1.25 (dashed line),
in both cases we took into account a thermal broadening through the convolution
of a(hv) with an hyperbolic secant of width I'. For the seek of the discussion we
simulated a very high binding energy system (E, = 400 meV) with low thermal
broadening (I" = 10 meV). Is interesting to notice that if a 2D system is consid-
ered the Sommerfeld correction factor is so that as hv — Eg, then C?P(v) — 2
converging to a constant value.%? This difference between 2D and 3D excitonic
semiconductor can be a useful tool to identify the dimensionality of the excitonic
system with a simple inspection of the absorption spectrum.

1.2.5 Photo-Luminescence

Once the semiconductor has been photo-excited a number of different relaxation
processes can take place, taking the system back to its ground state.

Among them we can make a macroscopic distinction between radiative and
non-radiative relaxation processes. While the radiative recombination, both in
spontaneous and stimulated photon emission, is an intrinsic property of the ma-
terial, the non-radiative recombination can be due both to intrinsic properties,
as in the case of Auger recombination process, and extrinsic properties such as
localized trap states due to impurities and defects in the crystal structure.

It has been broadly reported that the excited state de-population of hybrid

organic-inorganic perovskite can be effectively described with a rate equation such
65,66
as:*”

dn _ —R(n) — kyn —n® (1.33)
dt
accounting for the spontaneous radiative recombination rate R(n), an extrinsic
non-radiative recombination rate k; describing carrier trapping and a non-radiative
Auger recombination process, which is known to go like ~ n3. Notice that the
photoluminesce (PL) intensity will be proportional to the radiative rate (Ipg
R(n)) which in general is a function of the excited population density. Thus
different decay path will directly influence the photo-emission properties of the
material.

In this section we present a review of the three main recombination mechanisms
involved in the excited state population decay in a direct-band gap semiconductor
material and in relation of the specific hybrid organic-inorganic perovskite case.

Spontaneous Emission

Let’s consider two generic state ¢); and 1), laying in the valence and conduction
band respectively and let’s define the spontaneous emission rate R, so that R,dv
stands for the number of spontaneous emission events per unit time and volume
resulting in the emission of a photon with frequency between v and v 4+ dv. As
described above the number of transitions with frequency lying within 1y and
vy + dvy is furnished by the joint density of state p;(vodiy) (c.fr. 1.21). These
will contribute with an elemental contribution dR, to the overall rate:
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1.2. Review of the fundamental opto-electronic properties of semiconductors

AR, = As1pj(vo)dvog(v — ) fo(Eq)[1 — fu(E1)] (1.34)

where Ag; is the spontaneous emission rate in a two levels system, g(v — 1) is
the emission line shape and f., are the occupation probability functions for the
conduction /valence bands evaluated respectively at the two states energies.

In the limit of g(r — 1) being approximated with a § function the spontaneous
emission rate is readily evaluated as:

R, = /V ! dR,dvy = Asp; (V) fo(Ea)[1 — fo(Er)] (1.35)

Notice that the rate is defined by the probability of having a filled state in
conduction band f.(F2) times the probability of having an empty state in the
valence band [1 — f,(E4)].

Following Einstein’s treatment for the spontaneous (Ay;) and stimulated (Ba;)
emission rate in a two level system®® %7 and recalling that By; is the transition rate
W by the energy density of the e.m. wave up = nl/c = nFhv/c we can write:

8rhirn3 Srhi*n3\ We
b= ()5, - (22
21 3 21 nhvF

Plugging in equation 1.36 into 1.35 and recalling the definition of the absorption
coefficient a(v) = op;(v)[fu(E1) — fe(E2)] where o is the transition cross section
given by 1.17 we can write the spontaneous emission rate as a function of the
transition as:

> (1.36)

R — <87r1/2n2> o) f(E2)[1 — f,(EY)] (137)

c? fo(Er) = fe(En)

Notice that the transition rate is governed by a precise relation between the
occupation probability functions f.,. Defining Ay = Ep. — Ep, and recalling
that hv = F5 — F4 one can show that:

Je(Ea)[1 — fo(E1)] 1
f = f’U(El) — fc<E2> = e —Ap) /KT _ | (138)

which is the probability function driving the photon flux from a biased black body
b(v, Ap).%® Thus we can write the emission rate as function of the biased black
body emission and the absorption coefficient:

R, = a(v)b(v, Ap) (1.39)

Eventually the overall spontaneous emission rate will be evaluated as the inte-
gral over all transitions frequencies v

R = /000 a(v)b(v, Ap)dv (1.40)
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Notice that sometimes the spontaneous emission rate is defined as the net
emission rate which can be evaluated from 1.40 subtracting the emission at thermal
equilibrium, i.e. [ a(v)b(v,0)dv.

Since for a non degenerate semiconductor hv — Ay >> kT, equation 1.38 can
be approximated with a Boltzmann distribution ~ e ~2m/¥T In this case we
can easily redefine our rate as a function of electron-hole densities since it can be
shown that for a semiconductor at quasi-thermal equilibrium holds the following
relation:

np oc e =Am/ET (1.41)

where n and p are the electrons and holes density respectively, evaluated according
to equation 1.10, giving:

R = Braanp (1.42)

where 3,44 is carrier density independent and is an intrinsic property of the ma-
terial.

In the simple case where no other phenomena is considered one will have n(t) =
p(t). Thus the general rate equation will be dn/dt = Rg — Braan® where Rg is
the charge photogeneration rate. Solving this equation with n(0) = 0 one obtains
the time evolution of the excited state population density n(t), and in particular
it results that at early times (¢ ~ 0) n(t) x Rgt. Eventually, since Rg o I,
the PL intensity at early times will be a quadratic function of the light excitation
intensity:

Ip(0) o Bragn®(0) =~ IZ, (1.43)

Once the excited state population is built we can apply the initial condition
n(t = 0) = n(0), and consider the simplified rate equation dn/dt = —f,,4n* in
order to get the PL decay trace. This is the so called bi-molecular recombination
which can be readily integrated giving:

_ n(0)
n(t) = B0 £ 1) (1.44)

and:

Bradnz (0)

po() o Broan’(t) = Braan(0)t + 1)2

(1.45)

Shockley—Read-Hall recombination

When on need to consider the recombination from the conduction (valence) band
to a localized state, such as an intra-gap trap, we can replace the the valance
(conduction) band DOS with that of the considered localized states in the above
treatment thus retrieving a recombination rate given by equation 1.42 but where
p (n) is replaced by the density of trapped electrons N;(1 — f;) (holes):
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Ru = BunN,(1 = f,) (1.46)

where N; is the density of trap states and f; is the probability that a trap state
is occupied.

If we now consider a semiconductor in which both electron and holes can be
trapped we should define two distinct coefficients /3, , and two de-trapping rates
Grp- Considering that at equilibrium one will have that the trapping and de-
trapping rate should balance (R, = G,,) one can retrieve the expression for
the four above mentioned rate as a function of the trap occupation probability f;:

R, = Bn nNt(l - ft) G, = 5nntNtft
(1.47)

Ryt = BppNife Gy = BppeNi(1 — f1)

where n; and p; are the electrons (holes) density when the quasi-fermi level
matches the trap energy E;. Eventually one can eliminate the trap states oc-
cupation probability f; imposing that at the steady state condition net trap-
ping rate of electrons matches the net recombination rate for the holes, i.e.
R.: — G, = R, — G)p, eventually getting the expression for the Shocley Read
Hall expression for recombination through a trap state:

np
Tu(p+ o) + Tp(n +ny)

Rsup = (1.48)

where we have defined the average lifetime for electrons/holes capture 7,, =
1

ﬁn,pNt :
We consider a simple case in which the density of available trap states is always

greater than the free e-h pair, so that n(t) = p(t) >> ns, and 7,, = 7, and obtain:

n2

RSRH ~ = ﬁnNtn (149)

Tn
Different from the previous case, here the excited state de-population is de-
scribed by a monomolecular recombination mechanism (dn/dt = Rg — B,Nin).
In this case Rg o< n(0) thus, remembering that Rg o I, one get a linear depen-
dence of the PL emission with respect to the excitation density (/pr(0) o I.;)
and a mono-exponential decay trace:

Ipp(t) o BaNin(t) =~ n(0)e /™ (1.50)

Auger recombination

Auger recombination is a three particles process in which two carrier of the same
sign undergoes an elastic scattering event resulting in the excitation of one carrier
to higher kinetic energy, and the recombination of the second with an available
carrier of the opposite sign.
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In the case of a band-like semiconductor the Auger recombination will involve
either two electrons and one hole (R4) or two holes and one electron (R ).
Thus, following an argument similar to the one presented above, one retrieve a
recombination rate proportional to the electrons and holes densities:

Rfﬁl}g = A,n’p R%ﬁ = A,np? (1.51)
where in the case we take for simplicity n(t) = p(t),as we did in equation 1.33, one
simply get a cubic behavior of the Auger rate with respect to the excited state
population density:

Raug =0’ (1.52)
This recombination mechanism is usually more relevant in the indirect band-

gap semiconductor since the radiative recombination is hindered, however it can
be observed also in direct band-gap semiconductor in high carrier density regimes.
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CHAPTER

Methods

2.1 Introduction

In this chapter we will briefly describe the experimental details of our research.
We start discussing the samples fabrication procedures, subsequently we furnish
the specifications of the commercial setups employed for the standard character-
ization and eventually we describe the custom-built setup for the time resolved
photoluminescence measurements and the excitation cross-correlation measure-
ments.

2.2 Sample fabrication

2.2.1 MAPDbDI;

The precursor solution of perovskite was prepared following the well-established
method reported in literature (refs).

Methylamonium Iodide salt. Methylamine (CH3NH; = MA) solution
33 wt% in absolute ethanol was reacted with hydroiodic acid (HI) 57 wt% in
water with excess methylamine at room temperature. After about two hours
stirring, we added ethanol in order to facilitate the subsequent crystallization of
the salt. Typical quantity reacted are: 96 ml of methylamine solution, 40 ml of
hydroiodic acid and 400 ml of ethanol. Crystallization of methylammonium iodide
salt (CH3N H3I = MAI) was achieved using a rotary evaporator. A white colored
powder was formed indicating successful crystallization. The salt was then washed
two times in diethyl ether to increase its purity.

Lead Iodide. A lead iodide (Pbl5) solution in N,N-Dimethylformamide (DMF')
(462 mg/ml) was heated at 70°C' and then spun at 4000 rpm for 60 seconds onto

21



2.2. Sample fabrication

a clean glass substrate. A subsequent annealing at 70°C' for 30 min is required in
order to obtain a stable Pbly thin film substrate. The glass cleaning procedure
consisted in a sonicator bath for 20 minutes (10 min Acetone, 10 min IPA) and
10 minutes of Oy plasma cleaning.

2-step deposition. These substrates were then dipped in a MAI solution in
IPA at different concentration and different temperature for 2 minutes in order to
get different average crystallite size samples. All the samples were finally rinsed
in anhydrous IPA to remove the non-reacted organic precursor. In the following
table we report the exact values of temperature and concentration of the MAI
solution together with the average crystallite size obtained, as observed from top-
view SEM images.

[MAI] (M) T (°C) Avg. crystallite size
0.063 25 < 250nm
0.045 25 ~ 500nm
0.031 25 ~ 650nm
0.045 70 ~ lum
0.045 90 ~2um
0.031 70 ~4dum
0.031 90 > bum

Table 2.1: MAI solution concentrations and temperatures for 2-step deposition technique.

2-step deposition on Al,O3. A commercial (Sigma Aldrich) alumina nanopar-
ticles dispersion (20 wt% in IPA) is spin-coated at 2000 rpm to form a =~ lum
thick mesoporous layer, dried at 150°C' for 45 minutes. A solution of Pbl, in
DMF (462 mg/ml) was spin-coated on the substrates at 2000 rpm under nitrogen
atmosphere. Samples were annealed on the hot plate for 30 min at 70°C'. Sub-
sequently they were dipped in a solution of MAI in IPA [0.063 M| for 2 minutes
at room temperature. Samples are finally rinsed in anhydrous IPA to remove the
excess MAT salt.

2-step deposition of MAPDbI3-s. The Pbl; thin film was then dipped in a
hot (90°C') 5 mg/ml concentrated MAI isopropanol solution. The dipping time
was 2 minutes. The sample was finally rinsed in anhydrous isopropanol in order
to remove the non-reacted organic precursor.

2.2.2 MAPDBr;

The CH3NH3PbBrs (MAPbBr3) sample we employed a one-step deposition
method. Both the precursors C H3 N H3 Br salt and PbBry were dissolved in DMF
(concentration of 20 wt%). The obtained solution was spin-coated on a cleaned
glass substrate at 3000 round per minute for 60 s. Subsequently we annealed the
sample at 100 °C' for 15 min in order to obtain the perovskite thin film.
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2.3 Scanning Electron Microscopy

Scanning electron microscopy (SEM) pictures have been collected using an high
vacuum tungsten filament commercial Jeol 6010-LV, with a working bias of 20 kV.

2.4 Low temperature spectroscopic measurements

Some of the spectroscopic experiments described in the following were performed
under controlled atmosphere and temperature. In order to do so we employed a
continuous flow static exchange gas cryostat (Oxford Instruments). The cryostat
consists of three chambers, one inside the other. The sample is housed inside the
internal chamber filled with the cryogenic gas (either He or N3). The cryogenic
liquid is fluxed inside the second chamber allowing temperature control of the inner
chamber atmosphere temperature. Eventually a third chamber is evacuated (&
1075 — 10~ %mbar) in order to assure thermal isolation from the external ambient.

2.5 Absorption

Absorption measurements were performed using a spectrophotometer (Perkin
Elmer Lambda 1050).

In order to evaluate the average light penetration depth we also measured the
Uv-Vis absorption coupling an integrating sphere module to the spectrophotome-
ter, thus allowing the collection of both the total transmittance (T%) and total
reflectance (R%). The Optical Density was evaluated according to Lambert-Beer’s
equation:

Ip = (I — Ig) 10797 (2.1)

where I, Iy and Ii are the transmitted, impinging and reflected light respectively,
while d is the sample thickness. This was usually evaluated through a cross-
section SEM image. The penetration depth o' is then defined as the inverse of
the absorption coefficient «(\) at the chosen wavelength, estimated inverting the
previous equation:

-1 IT(A)
a(A) = —log<m> (2.2)

2.6 Steady state Photoluminescence

The steady-state photoluminescence (ss-PL) measurements were performed using
a femtosecond laser source. The femstosecond system is driven by a mode-locked
Ti:Sapphire oscillator (Coherent Micra-18) operating at 80 MHz. This was used
as a fundamental broadband source providing pulses with &~ 20fs duration and a
central wavelength of 800 nm. A grating based pulse stretcher (Coherent 9040)
was used to temporally expand the pulses before amplification in a 250 kHz ac-
tively Q-switched Ti:Sapphire based regenerative amplifier (Coherent RegA 9000).

23



2.6. Steady state Photoluminescence

The amplified pulses were subsequently temporally compressed in a grating based
compressor (Coherent 9040), resulting in pulses with temporal widths of ~ 35fs
and energies of ~ 6u.J. The amplified output is sent into a two-pass BBO-based
collinear OPA (Coherent 9450), allowing spectral conversion to any desired wave-
length in the 400-750 nm wavelength range with resulting temporal broadening
to ~ 120fs. Depending on the specific experiments here, the system was tuned
either to 400 nm (for M APbBrs3) or 700 nm (for M APbI3) and then focused onto
the sample.

In order to give a rough estimation of the initial excitation density ng we
presumed that the all the photons contained in each pulse N, are absorbed within
a volume given by the spot diameter on the sample times the penetration depth of
the monochromatic light at the pumping wavelength. The number of photons per
pulse as a function of the measured power (average value) is evaluated according
to:

o Pcw _Pcw'>\7
~ RR-E, RR-hc

NP(Pcw) (23)

where P, is the incident power, RR is the laser repetition rate and E, is the
Energy per photon. Once the penetration depth «(\)™! is evaluated according to
the aforementioned procedure, the number of photon absorbed per unit volume is
approximated with the following expression:

N, Py - ),

Poy) = =
molFew) = G 0T T RE - he- A, - a(0)

(2.4)

where A, is the spot area on the sample.

2.6.1 Time-Integrated PL and relative quantum yield

In the case of time-integrated and relative quantum yield measurements, the sam-
ple photoluminescence was collected through a doublet of 2-inch lenses and focused
onto the entrance slit of a spectrometer (Andor SR-303i-B) coupled to an intensi-
fied CCD (Andor iStar DH320T-25U-73). This furnished a spectrally resolved PL
spectra for each pumping laser intensity. Integrating the spectra we obtained the
overall PL counts per second ®(CPS) as a function of the impinging laser fluence
F. Eventually the relative photoluminescence quantum yield was evaluated as:

®(CPS)

Relative — QY = ——~
elative — Q) FQud Jem?)

(2.5)

2.6.2 Optical gain

The optical gain measurements were performed focusing the excitation beam onto
the sample in a stripe shape using a 100 mm focal length cylindrical lens. A knife
blade was placed immediately in front of the sample partially blocking the imping-
ing beam in order to control the excitation stripe length. The emission guided out
of the side of the sample was collected by a system of lenses and focused on the

24



2.7. Time resolved Photoluminescence (tr-PL)

spectrometer. Moving the knife edge in a controlled way through a micrometer
translation stage, we measured the emission spectra as a function of the excitation
stripe length. These spectra were then integrated over the wavelength to obtain
the total emission counts versus stripe length.

2.7 Time resolved Photoluminescence (tr-PL)

Time-resolved fluorescence measurements were performed using a femto-second
laser source and either a TCSPC detection system or a streak camera detec-
tion system (Hamamatsu C5680). An unamplified Ti:Sapphire laser (Coherent
Chameleon Ultra II) operating at 80 MHz was tuned to provide pulses with cen-
tral wavelengths of 700 nm, energies of ~ 50n.J, and temporal and spectral band-
widths of ~ 140fs and ~ 5nm, respectively. The emitted fluorescence radiation
was collected, filtered with a long pass filter in order to remove the excitation
scattering. The cutting wavelength was chosen among 495 nm, 700 nm and 750
nm, accordingly to the excitation/emission wavelength. The filtered emission was
subsequently focused on a spectrometer coupled to the detection system. Both
the strek camera measurements, done using a linear voltage sweep module, and
the TCSPC measurements were performed with < 2 MHz repetition rate exci-
tation, achieved through the use of an acousto-optical modulating pulse picker
(APE Pulse Select).

2.7.1 Spatially resolved tr-PL

In this case the sample was excited thanks to a home-built microscope working
in reflection geometry; the excitation wavelength was 700 nm. For these mea-
surements the microscope was equipped with a dichroic mirror 700 nm long pass
(Semrock) and an objective providing 100x magnification (Zeiss) granting a laser
spot diameter of roughly 0.7 — 1um. The signal coming from the sample was
cleaned from the pump wavelength thanks to a long pass filter (Thorlabs) and
then sent to a spectrometer coupled to a Streak Camera based detection system
as described above.

2.8 Excitation cross-correlation photoluminescece

In the photoluminescence excitation cross-correlation (PEC) experiment a 400
nm pulsed laser source with 250 kHz repetition rate is split into two separate
beams with a 50% beam splitter. While one of the beam is directly focused onto
the sample, the other one is delayed with an electronically controlled delay-stage
and subsequently focused onto the the same spot on the sample (see figure 2.2).
Notice that both the beams are chopped using the same optical chopper wheel
which is, however, characterized by two different blades steps as shown in figure
2.2. The two beams are arranged in order to go through either the external or the
internal wheel, resulting to be modulated with two different frequencies w; and
wy respectively. Eventually we focused the two beams onto the sample using the
same 2 inches 100 mm focal spherical lens.
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2.8. Excitation cross-correlation photoluminescece
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Figure 2.1: Time-resolved Photoluminescence optical scheme.

The photoluminescence is collected and focused onto a slow photodiode with a
doublet of lenses, after being filtered with a low-pass filter (FEL 435 nm) used in
order to remove the pump laser scattering. The photodiode signal is then feed to
a lock-in amplifier phase-locked either to the sum or difference frequency w; + wo,
which is feed to the lock-in by the optical chopper controller.

Suppose that the photoluminescence contain at least a quadratic dependence
on the excited state population density n(¢). Then when only one train of pulses
is present one will have that:

pi(t) ocn(t)® (2.6)

In case both the beams are present, one will have an excited state population
density n(t) related to the first incoming pulse, and a n(t —7) due to the 7 delayed
pulse. The resulting quadratic PL contribution:

1) (t,7) o< [n(t) +n(t — )] (2.7)

Collecting the PL signal with a slow photodiode, we should consider the time
integral of equation 2.7:
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2.8. Excitation cross-correlation photoluminescece

Ipp(7) o /_ " () + n(t — 7))t = /_ )+ /_ ot — i+

o0 o o0

/+OO 2n(t)n(t —1)dt = G1 + Ga + Gy (1) (2.8)

o0

where (5 is the temporal excitation correlation of the two isolated beams and
is a signal modulated at either w; or ws, while G,(7) is the cross-correlation
signal resulting specifically from the non linear nature of the luminescence and it
is modulated at at w; + ws which we can isolate employing the aforementioned
phased-lock detection. For this reason the PEC signal is usually referred to as the
difference between the PL signal when both the exciting pulses are present 11(322
and twice the value of the one pulse PL I](DlL) as a function of the delay 7 between
the pulses. In order to plot the relative PL variation we normalized this difference
to the overall PL signal, thus having:

12 —21%) APL
PEC = PL—(DPL 1100 = —— ——(%) (2.9)
215,
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Figure 2.2: FExcitation cross-correlation photoluminescence optical scheme.
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CHAPTER

Absorption

3.1 Introduction

One of the main reason accounting for the outstanding performance of hybrid
perovskite based solar cells is the strong optical absorption. Good light harvest-
ing properties already with 500 nm thick films, enables the optimization of light
absorption with very thin active phase films, thus ensuring a good charge col-
lection efficiency at the device electrodes due to the reduction in the solar cell’s
series resistance.’® In this chapter we will discuss the absorption properties of
both methylammonium lead-iodide and methylammonium lead-bromide, with an
attention on the strong temperature dependence of the absorption coefficient (sec-
tion 3.2) and role of Coulomb correlations. In section 3.3 we furnish an analytical
treatment of the exciton-free carrier ratio that is established under light illumi-
nation at the the thermal equilibrium, and eventually in section 3.4 we shed light
on the complex influence of the material micro-structure on the perovskite light
absorption.

In figure 3.1 we report the UV-Vis absorption measurement of both M APbI3
(figure 3.1.(a)) and M APbBr;3 (figure 3.1 (b)) in logarithmic scale. As already
mentioned in section 1.2.4 the absorption coefficient of hybrid lead-halide per-
ovskite is well described by equation 1.30 through 3D semiconductor Elliot’s the-
ory.%? Inhomogeneous thermal broadening of the optical transitions are taken
into account through the convolution of the broadening-free absorption coefficient

ar—ox With an hyperbolic secant of with I". The fitting function results to be:
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Figure 3.1: Optical density of both (a) M APbI3 and (b) M APbBrs plotted in log-scale. The
solid and dashed blue lines represent the fit according to Elliot’s (eq. 3.1) and Urbach’s (eq.
3.2) functions respectively.
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Notice that this expression contains a slightly different continuous absorption term
with respect to the one reported in equation 1.30. This is due to the fact that
here we are also considering the non-parabolic correction to the joint density of
state. The coefficient b quantifies the deviation of the electronic band structure
from the parabolic approximation. In the case of the reported data the factor SZLg b
assumes positive values, thus accounting for a super-parabolic band structure.
Comparing I-based and Br-based perovskite in figure 3.1 (a) and (b) respec-
tively, besides the expected shift of the optical band gap towards higher energies,
the most striking observation is the relevant change in the excitonic transition
strength, as testified by the clear bump at the absorption band-edge (= 2.32¢V)
observable in figure 3.1(b). In figure we report the parameters obtained from
the fitting of expression 3.1 (blue line) to the experimental data. Comparing the
two samples we can see that the exciton binding energy is almost doubled going
from 35meV in the case of M APbl3 to 65meV in the case of M APbBrs, possibly
suggesting the stabilization of the excitonic population even at room temperature
(see also section 3.3). As we will discuss in more detail later (see section 3.4), the
morphology (perceived as the relative degree of poly-crystallinity) of the mate-
rial is known to have a major influence on the optical properties of the material.
For this reason it’s fair to notice that, in order to disentangle the intrinsic dif-
ferences induces by the halide substitution and the ones possibly induced by the
morphology, the samples investigated here were grown in similar way, showing
a comparable average crystallite size (= lum), It’s important to highlight that
according to the reported fitting parameters in both cases the thermal broadening
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3.2. Temperature dependence of absorption coefficient

is comparable to the exciton binding energy. Recalling that the excitonic reso-
nance is related to the exciton dephasing time (ref also to section 3.2.3), such a
large broadening rises doubts on the real possibility of creating a stable excitonic
population.

It’s worth noticing that in both the considered cases Elliott’s model fails to
match the experimental data below the band-gap due to a non negligible absorp-
tion in that spectral region. We observe that in a log scale the sub-band gap
absorption appears as a straight line, thus suggesting that the divergence between
the experiment and the theoretical model can be corrected adding an exponential
sub-band gap absorption term given by:

Qy, X ea:p(%) (3.2)

where F, is the optical band-gap and F, is refered to as the Urbach energy.
This empirical law was first proposed by Urbach in 19535 that employed it to de-
scribe alkali halides absorption. More recent works”™ ™' demonstrated that this law
describe effectively very general systems. In particular they showed that a random
distribution of impurities in a semiconductor can introduce spatial fluctuation in
the lattice potential allowing the presence of some spatially localized energy levels
within the forbidden region of the energy gap. These are usually modeled as an
exponential tail of the conduction band density of states and is referred to as Ur-
bach tail. In the presented case these tails can be attributed both to the excitonic
level or to local defects induced trap states. The dashed blue lines in figure 3.1(a)
and (b) represent the fitting of equation 3.2 to the sub-bandgap absorption data,
the corresponding Urbach energies are also reported in figure. We notice that in
both cases the Urbach energy is quite big with respect to the exciton energy, thus
making it difficult to understand weather the sub-bandgap absorption is related
to an high trap states density or to an excitonic level energetic distribution.

3.2 Temperature dependence of absorption coefficient

In figure 3.2 we report the optical density of both M APbl; and M APbBr; at
variable temperatures between 290 K and 77 K. Focusing on the iodide based
perovskite (figure 3.2(a)) we see that lowering the temperature down to 170 K the
absorption band-edge slowly shifts towards lower energy (red-shift). However if
the temperature is reduced further an abrupt shift to higher energies (blue-shift)
is observed, together with the enhancement of the excitonic absorption bump.
Eventually at 77 K we observe again a red-shift and the excitonic peak becomes
more prominent. Turning now to the bromide perovskite (figure 3.2(b)) while we
still observe the continuous band-edge red-shift and excitonic absorption enhance-
ment, no aburpt change is detected in the whole temperature range investigated.

The reported observations highlight the fact that we have several phenomena
contributing to the modification of the optical edge upon the temperature reduc-
tion. In the following we try to disentangle each of this phenomena and their
different temperature dependencies. Firstly we discuss the red-shift of the band
edge (subsection 3.2.1), this is a phenomenon referred to as Varshni Shift and
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3.2. Temperature dependence of absorption coefficient

it’s related mainly to the temperature induced lattice strain. Subsequently in
subsection 3.2.2 we discuss the effect of the crystalline symmetry phase transition
on the absorption spectrum, thus explaining the abrupt blue-shift observed only
in MAPbI;. Lastly we deal with the temperature related excitonic effect, deal-
ing with a general theory for excitonic resonance thermal broadening (subsections
3.2.3.
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Figure 3.2: Optical density of both (a) M APbI3 and (b) M APbBrs together with the curves
obtained fitting the elliot’s expression to the experimental data at 290K (red dots), 210 K
(purple dots), 170 K (orange dots), 140 K (green dots)and 77 K (blue dots).

3.2.1 Varshni Shift

For all semiconductors the energy gap value is a temperature dependent quan-
tity.>> There are two main reason for this dependence: (a) the thermal expansion
of the lattice, altering the periodic potential experienced by the electrons and thus
the band structure and Fg, (b) the effects of lattice vibration, that we will debate
in more detail in section 3.2.3.

The combination of these effects lead the energy gap (Eg) dependence on tem-
perature to follow the empirical Varshni law:"

T2
T+p

Eq(T)=FEy—« (3.3)
where Ej represents the material energy gap at T = 0, while o and S are con-
stant parameters characteristic of a given material. For most of semiconduc-
tors (e.g. GaAs, Si) the gap shifts to lower energies with increasing temperature
(dEg/dT < 0), however Pb-based bulk semiconductors have an opposite behav-
ior® since the lattice dilation contributes increasing the band gap energy with
temperature (dEg/dT > 0)."

Hybrid perovskite are usually characterized by an excitonic transition in ab-
sorption (ref to section 1.2.4), thus making it difficult to properly evaluate the
E¢q value from a simple UV-Vis absorption measurement. For this reason in
order to evaluate the energy gap temperature dependence for this materials an
effective approach is to monitor the edge of the absorption in a high temper-
ature regime where the excitonic transition should not play a role (ref to sec
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3.2. Temperature dependence of absorption coefficient

3.2.3). In this region equation 3.3 can be approximated by a linear function of T
(Eq(T) ~ Ey+ “22T). In figure 3.3 we report the model case of a Cl doped lead-
iodide perovskite C HsN H3PbI3. In figure 3.3(b) the band edge (taken as the en-
ergy at which the first derivative of the absorption spectra is maximum) versus T is
reported, a linear fit of this data allows us to extrapolate a dEq/dT ~ 262ueV/K.
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Figure 3.3: (a) Absorption spectra of Cl doped C H3N H3Pbl3 deposited on a glass substrate vs
temperature (290 K - 440 K). (b) Plot of the band edge vs T. The experimental data are fitted
according to the linear approzimation of equation 3.3 furnishing dE¢g/dT = 262 + 8ueV/K.

3.2.2 Phase transition

As we mentioned in section 1.1 hybrid lead-halide perovskites in some cases can be
characterize by a drastic change in the crystalline symmetry of the unit cell upon
temperature variation, thus affecting the optical absorption of the material, how-
ever that’s not always the case. XRD measurements reported in literatures!'® 2728
show that both the iodide and bromide perovskite undergoes two phase transitions
between 77 and 400 K, however, as we discuss in the following, these transitions
don’t always reveals themselves as a drastic change of the absorption spectra.

In figure 3.4 the energy gap of M APbI; and M APbBr3 samples are reported
as a function of the temperature at which the absorption measurement is per-
formed. In both cases we observe a linear shift of the semiconductor band-gap
towards higher energies upon temperature increase which we ascribe to the afore-
mentioned Varshni shift. While in the bromide case we do not observe any other
relevant change beyond this shift (figure 3.4 top panel), in the iodide case the
phase transition between the tetragonal and orthorombic crystalline phases hap-
pening at 167 K27 induces an abrupt change of the energy gap going from 1.635
eV at 170 K to 1.727 at 140 K (figure 3.4 bottom panel).

Surprisingly we do not observe any relevant change of the energy gap around
327 K, temperature corresponding to the tetragonal to cubic crystalline phase
transition. This anomaly was studied by Quarti and coworkers.” Trough Car-
Pariniello molecular dynamics simulations they demonstrated that even if on av-
erage the high temperature phase corresponds to the cubic structure expected
from XRD measurements, the system deviates from the cubic structure in the
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3.2. Temperature dependence of absorption coefficient
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Figure 3.4: Energy Band-gap of the M APbBrs (top panel) evaluated between 77 K and 290
K and of MAPbI3 (bottom panel) evaluated between 77 K and 400 K. The reported values
are obtained as fitting parameter of the Elliot’s expression for the absorption coefficient (eq.
3.1) to the UV-Vis absorption data.

sub-picosecond time scale. For this reason on the time scale of electronic transi-
tions the material seldom experiences a cubic environment, rather an increasingly
distorted tetragonal one. As a consequence, increasing the temperature beyond
327 K, the optical absorption of the material do not show any dramatic change
beyond the usual Varshni shift. It’s worth noticing that this peculiar behavior is
very important for the feasible application of perovskite solar cell, since it guaran-
tees a stable optical absorption in a vast temperature range which is experienced
by the solar cell under working conditions.

3.2.3 Exciton line-broadening

As already discussed the UV-Vis measurements of lead-halide perovskite are char-
acterized by an excitonic transition at the absorption-edge. Modeling the exper-
imental data with equation 3.1 we obtain a transition line broadening I' of ap-
proximately 40meV for both the investigated samples. We notice that this value
is roughly comparable to the exciton binding energy of lead-iodide perovskite and
slightly smaller than the one of lead-bromide one. Thus a deeper understanding
of the physics governing the transition broadening appears to be of paramount
importance in order to understand the excitonic population stabilization dynam-
ics.

The excitonic resonance spectral line-width is determined by the mechanism
ruling the interaction of the excited electronic state with the lattice vibrations, the
so called exciton-phonon coupling. In order to roughly quantify this interaction
we consider a one-dimensional lattice with two different ions per unit cell, which
is the simplest model that can represent the basic vibrational features of a 3D
crystal.?3™

Considering for simplicity only nearest neighbor interaction, the potential de-
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3.2. Temperature dependence of absorption coefficient

scribing the ion movement within harmonic approximation will be:

Unarm = % Z[ml(na) — x9(na))® + % Z[.TQ(TL(I) —z1([n + 1]a)]? (3.4)

n

where x1(na) and z5(na) are respectively the displacement of the ions about site
na (site of ion 1) and na+d (site of ion 2), while K and G are the two different
spring constant related to the 1-2 and 2-1 bound (K > G since d < a). The motion
equation will be a set of coupled equations:

.. o a[Jharm

Mdi(na) = 91 (na)
(3.5)

.. atharm

Mis(na) = ~Oma(na)

Being within the harmonic approximation one will seek for plane wave solu-
tion, i.e. xy2(na) = elygei(k"“_“’t). Moreover one can show that the pair of coupled
equation will have solution only if w(k) satisfy a determined relation. In partic-
ular for each value of k w(k) will assume two values, thus defining two distinct
dispersion relations which are referred to as the acoustic branch, which present
a linear dispersion at small k: w(k) = ck and the optical branch, which on the
other hand assume a non zero value for k = 0 (see figure 3.5(a)).
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Figure 3.5: (a) Sketch of the 1-D infinite chain with two ions per unit cell and the resulting
dispersion relations for optical and acoustic phonons. (b) Perovskite cubic structure. The
blue plain is defined by negative X~ ions while the orange one is defined by positive B>t
ions, generating a local capacitor.

Up to now we considered only oscillation along the chain, the longitudinal
vibration modes, however there are also oscillation perpendicular to the chain, the
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3.2. Temperature dependence of absorption coefficient

transverse vibration mode. Notably when going to a real 3D lattice, with n atoms
per unit cell, the picture is qualitative the same resulting in 3 acoustic modes and
3n-3 optical modes.

Due to the quantized nature of matter the interaction of the exciton with the
lattice vibration modes will be mediated by quasi-particles called phonons which
represent quanta of vibrational energy of a solid. Each phonon has energy hw(k)
and obey the Bose-Einstein statistic, thus the phonon distribution function is
given by:

1

= hwR)/RT _ (3.6)

N

Frolich broadening mechanism

Among the different mechanisms governing the exciton-phonon interaction Frolich
mechanism is by far the most relevant in ionic crystals such as hybrid perovskite.”
The physical principle underlying this process consists in the Coulomb interaction
between the e-h pairs and a local electric field & generated by the lattice vibra-
tion. In fact within the perovskite crystal lattice the metal cation (B*") and the
halide anion (X ™) lie on alternate planes acting as a capacitor plates, thus LO
phonons (with k vector orthogonal to such planes) will give rise to a vibrating
capacitor with constant charge density but oscillating plate separation inducing a
local oscillating electric field whose amplitude will increase with T (figure 3.5(b)).
Notice that TO modes won’t contribute due to their relative orientation.

The quantitative characterization of this exciton-phonon coupling is not easy,
however, in virtue of the above discussion, for 3D ionic semiconductor the degree
of broadening is usually taken to be related only to the LO phonon absorption
and thus to be proportional to their density nyo(fiwro) furnished by equation 3.6.

In summary the exciton line broadening I' is effectively described with the

following: "% 77

I's

I'=To+ ehwro/FT _ |

(3.7)
where I'y is an inhomogeneous broadening parameter, which is T independent,
while I'g is the exciton-phonon coupling parameter.

Exciton binding Energy from T dependence

Notably the above mentioned temperature dependent line-broadening can be em-
ployed as a useful tool in order to estimate an upper limit for the exciton bind-
ing energy, as reported in our recent work® where we considered the case of
CH3;NHsPbl;_,.Cl, perovskite.

As mentioned above the disorder induced inhomogeneous broadening is usually
temperature independent, thus in our work we modeled the exciton line-width tak-
ing into account only the homogeneous broadening whose formalism we borrowed
from a simple the two-level system® in which the linewidth of the transition reso-
nance is Av = 1/7Ty, where Ty is the excited state coherence lifetime. This value
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3.3. Steady state exciton population: Saha equation

can be affected both by the natural population decay of the excited state popula-
tion (with time 77) and by elastic scattering events (with rate 7) that contribute
to the line broadening but do not change the excited state population density,
according to the following equation:

1 1
E—Z—Tl‘i"y (38)

For most ionic semiconductors at high temperatures (e.g. T > 100 K), exciton-
phonon coupling leads predominantly to exciton ionization.®™ Thus in the hy-
brid perosvkite case the T} decay will be the sum of an intrinsic decay rate (k)

63 1 _

and thermal dissociation rate (k7)* 7 = ko + kr, where in first approximation

we can model the (kr) with an Arrhenius like law:
k’T = VTB_aB/kT (39)

where g is our upper estimate for the exciton binding energy, k is the Boltzmann
constant and v is the ionization attempt frequency. Plugging-in the relationship
3.8 in the linewidth, Av = 1/7T; we obtain:

Av = Ay + vpe=s8/F (3.10)

where Avy accounts for the temperature-independent broadening. In figure 3.6 we
reported the natural logarithm only of the T dependent part of the experimental
exciton line-width (In(hv — hiy)) collected as reported in reference® as a function
of 1/T together with the linear fitting In(hvy) —ep/kT.

Notice that the T span is between 150 K and 290 K, since a structural phase
transition (from tetragonal to orthorombic crystalline unite) occurs below 150
K in lead-iodine based perovskite.?”:%° Through the fitting we obtain an upper
estimate for the exciton binding energy of 55 4+ 20 meV.

Notice that for hwpo >> kT equation 3.7 resembles the formulation of equation
3.10. This observation is telling us that the ionization phenomenon, mediated by
LO phonons, is involving phonon of energy . Thus we can safely say that the
real binding energy of our system will be Ep < 5.

3.3 Steady state exciton population: Saha equation

The inelastic exciton-phonon interaction possibly leading to the bound state ion-
ization is not the only process to take into account. Depending on the electron-
hole pair density the probability of forming an excited bound state via coulomb
interaction becomes a competing process with respect to the ionization, thus giv-
ing rise to a dynamic equilibrium between the e-h plasma n., and the excitons
Nese, eventually leading to a thermal equilibrium between the two species. It’s
important to notice that in general, due to many-body effects such as phase-space
filling and exchange energy, the exciton binding energy Ep is a quantity that de-
pend on the overall excited state population density (n = Nz + nep) within the
semiconductor.” However this binding energy renormalization is usually relevant
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Figure 3.6: Plot of the exciton absorption band broadening Avy in CH3N H3Pbls_,Cl, thin
film vs inverse temperature (150 K < T < 290K). The error bar indicates the mazimum
variation of the experimental value due to the +10K wuncertainty in the determination of

the sample temperature. The solid line is the fit realized according to In(hvr) — ep/kT.
Parameters: ep = (55 £ 20)meV, vy = (7fs)~1.x? = 0.92.

only in quantum confined system, thus we can safely discard it in the follow-
ing discussion. Within this approximation the thermal equilibrium established
between exciton and e-h plasma is successfully described by the Saha-Langmuir
equation.”™ 8" This equation was proposed for the first time in 1921 to described
the equilibrium between the neutral and ionized state of the hydrogen, in the
following we report a simple derivation of this relation in a more general case in
order to give a relationship between the ground and the ionized stated of a given
system.

Let’s treat the system as an ideal gas of N, electrons, N, holes and N, exci-
tons which we will consider as indistinguishable particles. Since the total number
of particles is conserved the overall system will be a canonical ensemble and the
partition function for each class of particle A within the Maxwell-Boltzmann ap-
proximation is given by:®!

L w
= 5 (3.11)

where z, is the single particle partition function for the A particle class, defined
as:

o=y ekt (3.12)

l

where ¢; is the energy in a given state 1 = k, m, of wavevector k and spin s.
In the case of free particles the energies will be spin independent and given by
g1 = h?k?/2m,. In a bulk semiconductor the energy states, despite being discrete,
are closely spaced with density V/(2m)3, being V the volume of the semiconductor
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3.3. Steady state exciton population: Saha equation

(c.f. section 1.2.1). As a consequence the single particle partition function can be
approximated with an integral over the k-space:

s 14 _712’22/;”% .
w= ), (%)3/6 5T dk (3.13)

ms=—s

The sum over the spin states mg will be given by 2s+1 equal terms, thus the
expression can be readily simplified in:

2 NV % rZk2/2m
7= &/ e T K2k (3.14)
0

272

where we also moved to spherical coordinates (dk® = 4mk?dk). This integral
can be solved via variable substitution, so that if y = hk//2m,kpT the integral
becomes [ y2e ¥’ dy = \/7/4, thus resulting to be:

= (254 1)% (3.15)

where A is the thermal wavelength of a particle of mass my: A = h/\/2mm kpT.
Notice that in the case of the exciton class the energy of each states needs
to be corrected considering its binding energy & = h*k?/2m, + Ep. Since this
correspond simply to a rigid shift of the energy axes, in the case of an excitonic
particle class the partition function results ze,. = z\e B /kBT
Considering now the ensemble of all the three particles class the partition
function will be readily given by:

ZNe ZNh zNexc
Z:Ze'Z'Zeacc:e_'h_' exc 3.16
h N N, N (3.16)

The corresponding Helmholtz free energy (F' = —kgTlin(Z)), exploiting the
Stirling approximation (In(N!) ~ Nin(N) — N) results:

F = —kgT[Ncln(z.) + Nuln(zn) + Nezeln(Zeze)
— Nn(N.) + No — Naln(Np) + N — Newelt(Nowe) + N (3.17)

Since we are considering the simple scenario in which at every time the number
of electron equals the number of holes and the overall number of particles is
conserved (N, + Ny + N, = const), we can then reduce the problem to two
species which are the number of free eh pairs (V) and the number of bound eh
pairs, i.e. excitons (Neg.). These will satisfy the following:

Ne:Nh:Neh

3.18
Newc:N_Neh ( )
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3.3. Steady state exciton population: Saha equation

thus giving:

F = —kpT[Nen(In(z.) + In(zp)) + (N — Nep)in(zeze)
- 2Nehln(Neh) + 2Neh - (N - Neh)ln<N - Neh) + N — Neh] (319)

At the thermal equilibrium the Helmholtz free energy is minimized, thus in
order to find the equilibrium values of N, and N.. we can simply solve the
equation OF /0N, = 0:

oF
a]\feh

= —kpT[In(z.) + In(zn) — In(zeze) — 2In(Nep) + In(N — Nei)] = 0 (3.20)

thus giving the relationship:

2
zezn  Ng,
Zexc N — Neh

(3.21)

Now we need simply to plug the expression 3.15 into 3.21. Here it’s worth
noticing that being the exciton a quasi-particle made of a bound e-h pair, it will
have a reduced mass m,. = (1/m.+1/my)~") and three energetically degenerated
states (2s +1 =3 and my = —1,0, 1). Keeping this in mind one will get:

2 kT 32 2
(—”’;LQB ) e EnliT e - (3.22)

where we also introduced the particle densities as ny = N, /V and the total exciton
mass p = m, + my. This expression is usualy reported considering the fraction of
free e-h pairs over the total particles density x = n.;/n. Thus resulting to be:®°

2 3/2
T _l(ZﬂukT> o~ Fn/ksT (3.23)

11—z n h?

The shape of this equation is quite intuitive: the higher the temperature the
greater e-h plasma ratio due to improved ionization process, but as the excita-
tion density increases the possibility of e-h interaction with subsequent exciton
formation prevails and the ratio is reduced.

In the figure 3.7 we report the dependence of the free charges fraction x with
respect to the excitation density n varying either the temperature of the over-
all system at fixed E'p or its binding energy (Ep = 20meV = 200meV) at room
temperature. It’s interesting to notice that in order to have a consistent fraction
of excitons in conventional experimental condition, such as in transient absorp-
tion and photoluminescence measurements, (n = 107+ 10®cm=2) relatively high
binding energy are needed (x < 50% for Eg > 50meV'). Moreover from this simple
analysis we can predict that in the case of hybrid perovskites meant for photo-
voltaic application the exciton will hardly play a role in the photovoltaic conversion
process since in the photovoltaic cell operating condition (n ~ 10'cm =2 and RT)
the equilibrium established is largely in favor of the e-h plasma.®°
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Figure 3.7: Saha simulations of the fraction of free charge carriers as a function of the total
photo-excitation density n: (a) with various binding energies ranging from 20 meV to 200
meV (20 meV steps), at 290 K; (b) over the temperature range 0 K to 290 K with a constant
binding energy of 40 meV. The total mass p for the above simulations was set to 0.2 my.

3.4 The role of micro-structure in the absorption properties

Depending on the processing method, lead-iodide perovskite thin films present a
variable mesoscale morphologies with grain size ranging from tens to thousands of
nanometers. Notably it has been shown that the obtained morphology affects both
the absorption and the luminescence properties®® 83 ultimately driving the device
performances.8?8* In particular it’s interesting to notice that for lead-iodide based
perovskite there is a wide spread in the exciton binding energy values reported in
literature, ranging from 2 to 50 meV.*%6%8587 Thig variability stems only partly
from the fact that different techniques have been used to estimate Eg. In fact it’s
very likely that the major cause for this discrepancy arise from the high variability
of local microstructure from sample to sample.

In figure 3.8(a~d) top-view scanning electron microscopy (SEM) images of four
representative M APbl; samples are reported. These were fabricated using a two-
step sequential deposition technique®®®® dipping a spincoated film of Pbl, into a
CH3N HzI (MAI) solution with variable temperature and concentration resulting
in an observed average size of the crystallite dimension ranging from < 250nm to
> 2um. In figure 3.8(e) we reported the UV-Vis absorption spectra of the four
reported samples together with the optical band-edge, evaluated as the energy
value at which the first derivative of the absorption spectrum is maximized, as
a function of the average crystallite size for the whole series of samples investi-
gated. We notice that the optical band-edge experience a continuous shift towards
lower energies going from ~ 1.63eV to ~ 1.60eV as the average crystallite size is
increased.

Mitzi et al. demonstrated that in 2D tin-based hybrid perovskite one can
induce a different relaxation of the halide-metal-halide bonding angle by tuning
the organic moieties arrangement,” in turn showing that the relaxation plays a
fundamental role in the definition of the electronic structure of the material. In
accordance with this results, more recently some theoretical studies revealed that
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Figure 3.8: (a-d) Top-view SEM images of MAPbI3 formed using (a) [MAI] = 0.063M,
T = 25°C; (b) [MAI] = 0.045M, T = 25°C; (c) [MAI] = 0.031M, T = 25°C; (d)
[MAI = 0.0456M, T = 70°C. Scale bars are 2 pm. (e) UV-Vis absorption spectra of the
four samples reported (top) and absorption band-edge as a function of the average crystallite
size of the full series (bottom) . (f) UV-Vis absorption spectra of M APbI5 either spincoated
on a flat glass substrate, or infiltrated in a mesoporous AloOszscaf fold.

the optical band-gap of M APbl3 perovskite can be modulated over almost one
eV via tuning of the I-Pb-I bond angle, which can be experimentally obtained via
organic moiety exchange.?®% Thus, we relate the observed shrinkage of the optical
band gap in the larger perovskite crystallites to a change in the Pb-I bond stress
which is realized with a tuning of the crystallization condition (i.e. temperature
and solution concentration). In fact when the crystal grows larger the Pb-I bond
stress is relaxed and the absorption band-edge is red-shifted.

A recently pubblished Raman analysis performed by Grancini and co-workers,
revealed a stronger distortion in the Pb-I bond in moving from large crystals grown
on a flat glass substrate to smaller crystals grown in a mesoporous AlyO3 scaf-
fold, 39! thus showing that the tuning of the optical properties can be achieved
also with a proper choice of the substrate on which the perovskite is deposited.
In figure 3.8(f) we report the UV-Vis spectrum collected at 4.2 K of the M APbI;
perovskite grown either on a flat glass substrate or within a mesoporous Al,O3
scaffold. Notably the low temperature spectrum of the perovskite grown on glass
not only shows the expected optical band-gap shift induced by the different Pb-I
strain relaxation, but is also characterized by a strong excitonic peak which, con-
versely, is not detected in the perovskite grown within the mesoporous scaffold.
The exciton stability dependence on the average crystallite dimension has been
thoroughly studied by Petrozza and co-workers.?” In their work they show that
due to the strong contribution of various phonon modes to the effective permittiv-
ity, i.e. to electron-hole screening, the variation of the degree of the organic moiety
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3.4. The role of micro-structure in the absorption properties

local order/disorder (and therefore phonon distributions) over different film archi-
tectures can result in a tuning of the exciton binding energies. As a consequence
the polycristalline disorder of little crystals induces electrostatic potential varia-
tion suppressing the exciton formation and stabilization. It’s worth noticing that
the M APbBr; sample reported above, which shows a strong excitonic absorption
peak, is grown in 1 um large crystals, thus confirming the relevance of the mi-
crostructure in the definition of perovskite behaviour, with both free carrier and
excitonic regimes possible.

Thanks to these observations, we can conclude that the microstructure of the
perovskite thin film, related to a different local arrangement of the organic moiety,
on the one hand is tuning the Pb-I stress relaxation revealed in Uv-Vis absorption
measurements as a shift of the band-gap energy, on the other is also deeply affect-
ing the local electrostatic landscape, thus strongly influencing the electron-hole
interactions.
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CHAPTER

Photo-luminescence of MAPDbI;

4.1 Introduction

As already mentioned in the section 1.1, within the plethora of available hybrid
perovskite M APbl3, is one of the most widely employed material for efficient
device fabrication!®178%9293 and one of the most studied perovkite,36:37,60,65,66,94
and represents a model case for the description of the fundamental PL properties.
In the following we will discuss the photo-luminescence properties in the particular
case of a two-step deposited thin film of M APbI; perovskite®® (see section 2.2 for
further details on the samples fabrication).

This material is a direct band gap semiconductor characterized by the presence
of a weakly bound Wannier-Mott exciton.*>5%65 Due to the low binding energy
of the exciton with respect to the LO phonons energy (c.f. section 3.1) at room
temperature, and in light of the recent work by Grancini et al.,’” in the case of
iodide based perovskite we will discard the excitonic contribution to the PL.

4.2 A rate equation model for lead-iodide perovskite PL dynamics

Saba and coworkers reported that the integrated PL emission intensity as a func-
tion of the pump laser fluence follows a 3/2 power law over more than three orders
of magnitude in excitation intensity®® (see figure 4.2 (a)). This power law testifies
that the electron—hole population dynamics result from the competition between a
radiative recombination channel and at least one non-radiative path, likely related
to a specific intra-gap states acting as traps for electrons or holes.

Following the paradigm of equation 1.33 we consider an intra-gap trap state
accounting for an Shockley-Read-Hall (SRH) like recombination path, an Auger
non-radiative term and a spontaneous emission which, for simplicity, we take
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4.2. A rate equation model for lead-iodide perovskite PL dynamics

as bimolecular band to band recombination (c.fr. 1.42). For exemplification
purposes, the sketch in figure 4.1(a) shows an electron trap.

The resulting rate equations for the electrons n., holes n; and filled traps n;
population density will be:

dn.

dt = _ﬂradne np — kt Ne (Nt - nt) — Y Ne ni + RG

d

% = _ﬂrad NeNp — Gn np Ny — 7y Ne n}% + RG (41)
d

% = kyne (Nt_nt) — Gpnpny

where NV, is the density of available trapping sites, GG, is the rate of recombination
of a trapped electron with an hole in the valence band and R is the photogener-
ation rate.

4.2.1 Steady-state solution

In figure 4.1(b) the steady-state solutions of the three rate equations (dn;/dt =
0) as a function of the impinging laser fluence F(uJ/cm?) is reported. As a
consequence of the two competing recombination the solution is characterized by
two different regimes.

(a) At low-excitation fluences, trapping is the most efficient recombination path
for electrons, thus being n;, << N, electron trapping is a monomolecular
process and n, will scale linearly with the laser fluence, n, o« F. How-
ever valence band holes trend with fluence is limited by the non-radiative
recombination rate with trapped electrons which is a bimolecular process
(~ npny), inducing the hole population to scale as the square root of the
laser fluence, ny, x VF. The resulting steady-state PL intensity then reads
PL x 57‘ad Ne Ny X Brad F3/2-

(b) At higher fluences the trapping rate slow down since n; ~ N, and the bi-
molecular radiative recombination of e-h pairs becomes dominant, thus the
steady state PL trend changes from superlinear to linear since ny n, o< F, as
shown in figure 4.2(a).

At even higher laser intensities the Auger process are not anymore negligible,
resulting in a sublinear trend of the integrated PL and a reduction in PL quantum
yield (red dots in figure 4.2(b).

4.2.2 Dynamic solution

The same rate equation can be solved in order to give the dynamic solution and
thus fit the PL decays, as shown in figure 4.2(b). For seek of simplicity we removed
the generation rate term and simply used as initial state for n. and n, the number
of absorbed photon,evaluated as:
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Figure 4.1: (a) Sketch illustrating the recombination mechanisms for the low- and high-fluence
regimes. Figure adapted from references® % . (b) Electrons (blue), holes (red) and filled
traps (grey) population density obtained as the steady state solution of 4.1. As the excitation
intensity grows the traps are filled and the bimolecular recombination becomes faster than the
trapping rate, therefore preventing the accumulation of trapped electrons.
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(4.2)

where Poy is the average impinging laser power, RR and A, are the repetition
rate of the pulsed laser and the focal spot on the sample respectively, while A
and «(\)~! are the excitation wavelength and the light penetration depth at that
particular wavelength. Also in this case the two different regimes are clearly
observable. The decay trace is nearly monoexponential when the sample is excited
at low fluence, while deviates more and more from an exponential decay as the
pump fluence increases. Notice that when one electron is trapped an hole will
be left in the valence band and in steady state a certain population density of
photodoped holes n; built up as the electron trap states are filled. This photodoped
holes density can be very high even at low fluences due to a very slow de-trapping
rate G, (left panel of figure 4.1 (a)).

In the dynamic solution the two regimes can be physically explained as it
follows:

(a) Under low fluence excitation, the photoexcited electron density n. is much
lower than the total concentration of free holes in the valence band, since
np(t) = ne(t) + ne(t) where n.(0) << n;). In this case, since the additional
photoexcited charge does not noticeably alter the hole population density,
the system will be well described by the monomolecular recombination case
considered in the previous section and the PL decay will be monoexponetnial
(c.fr. equation 1.50).

(b) When the excitation fluence is high enough, such that n.(0) > n;, then the
electron-hole bimolecular recombination is retrieved (as in 1.45), resulting in
a power-law decay. When the free-electron concentration drops below the
photodoped hole density, the decay again becomes monoexponential.
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Figure 4.2: (a) Time-integrated photoluminescence (PL) and relative quantum yield as a func-
tion of the initial excitation density. (b) Time-resolved PL decay traces for several intial
excitation densities. The solid lines sre obtained computing either the steady state (a) or
time-reoslved (b) solution of 4.1 with suitable parameters in order to optimize the matching
with the experimental data. Figures adapted from reference.5®

4.3 The role of micro-structure in the emission properties

We already discussed in section 3.4 how the variable mesoscale morphologies heav-
ily affects the absorption properties. In this section we investigate the character-
istics of the photo-luminescence from two of the samples whose absorption we
already discussed, thus showing that the crystallite size induced band-gap tun-
ing goes with a shift of the PL spectral peak and a variation of the PL average
life-time.

In figure 4.3(a-d) the top-view scanning electron microscopy (SEM) images of
the four representative C H3 N H3 Pbl3 samples already presented in section 3.4 are
reported for convenience. The top panel of figure 4.3(e) shows the positions of
the optical UV-vis absorption spectra band edges as well as the positions of the
PL peaks, while the bottom panel report the average PL lifetime as a function of
the average crystallite size. Notably the optical absorption edge shift goes with
the PL peak position shifts to longer wavelengths as the average crystallite size is
increased. At the same time the PL dynamics get slower with an average lifetime
of about 2ns for the smallest crystallites (< 250nm) and of more than 100ns for
the largest crystallites (> 1um).

In figure 4.3(f) the PL lifetime 7p/, as a function of the initial excitation density
ng is reported for two representative samples (corresponding to figure 4.3 (a) and
(d) respectively). A simple theoretical relation between these quantities can be
retrieved from the rate equation considered above. Working in a low excitation
regime we can discard the Auger contribution, thus simplifying the rate equation
to dn = —fBreqan® — An. In this simplified case the rate equation allow an analytic
solution for n(t), and consequently for the photoluminescence intensity evaluated
as Ipp(t) = Braan®(t). Thus the instantaneous PL lifetime 7p; can be readily

evaluated as:?°97
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Figure 4.3: (a,d) Top-view SEM images of C H3BH3PbI3 formed using (a) [M AI| = 0.063M,
T = 25°C; (b) [MAI] = 0.045M, T = 25°C; (c) [MAI] = 0.031M, T = 25°C; (d)
[MAIl = 0.0456M, T = 70°C. Scale bars are 2 uym. (e) Spectral positions of the UV-vis
absorption band edge and cw-PL peak (top) and PL average lifetimes as functions of the
crystallite size (bottom). (f) PL lifetime as a function of the excitation density for samples
with small (black circles) and large (red squares) crystallites. Dashed lines represent the

curves obtained fitting the data to eq. 4.3. x* > 0.99. Figures adapted from reference.5?
1 dl TL(I P L)
= ‘ =A+ Brad No (43)
TP, dt t=0

Fitting equation 4.3 to the experimental data we retrieved both the intrinsic
bimolecular radiative recombination coefficient 3,,4 and the non radiative rate A.
The values are reported in table 4.1.

Sample average crystallite size A(1/s) Braa(cm3/s)
< 250nm (0.72+£0.03) - 107 | (3.70£0.21)-10~°
> 1um (1.3£0.57)-107 | (0.620.06)-10~°

Table 4.1: Parameters retrieved fitting equation 4.3 to experimental data

Notably, while the non radiative coefficient A is not much affected, the S,.q
shows a significant change going from small to big crystallites, thus suggesting a
strong correlation between the optical band gap shift and the radiative recombina-
tion rate. In order to further corroborate the hypothesis of a relation between £,
and (3,4 we performed time-resolved PL measurements as the sample temperature
is lowered. As we already discussed in section 3.2.1 as the temperature is lowered,
while staying above the temperature at which the phase transition occurs, the
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4.3. The role of micro-structure in the emission properties

perovskite optical band gap shifts to lower energies as a consequence of lattice
strain. Thus, accordingly to the aforementioned observations, one would expect
a corresponding reduction of the radiative rate. In this case, we considered a
M APbI; film deposited following the two-step procedure on a Al,O3 mesoporous
scaffold 1um thick (denoted as Meso — M APbI3 in the following). As the ma-
terial is spincoated onto the substrate it percolates within the pores of the inert
AlyO5 scaffold, thus preventing the formation of crystalline domains larger than
50nm. As we discussed in section 3.4, the reduced crystallite size allows us to
exclude excitonic effects even at lower temperatures.’”% In figure 4.4(a) the PL
lifetimes as a function of the initial excitation density ng are reported. At fixed
initial excitation density we observe that as the temperature was decreased, the
PL lifetime increased and the PL spectra shifted to longer wavelengths (see figure
4.4(b)). Considering again equation 4.3 and looking at the emission recombination
rates (k = 1/7pr) as a function of excitation density, we can see a clear reduction
of rate of the change in lifetime. Since (.4 is proportional to this rate, such an
observation corresponds to a clear reduction of the radiative recombination rate
as the temperature is lowered. Hence, the correlation between E, and .4 ob-
served by increasing the crystal dimension can also be perceived by lowering the
temperature, which notably affects the lattice strain, suggesting a direct relation
between the two.
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Figure 4.4: (a) PL lifetime as a function of initial excitation density for M APbI3 deposited
on a mesoporous AlsO3 substrate, at room temperature (black triangles), 220 K (red circles),
and 160 K (green squares). All temperature a measured within an error of 10 K. The error
bars refer to the 95 % confidence intervals of the fitted parameter values. (b) Time-integrated
PL spectra measured at the same temperatures (symbols) and the guassian fit to the data
(lines). Figures adapted from reference.®?

In light of the reported investigations we can claim that the observed changes
in absorption and photo-luminescence properties are related to the distortion of
the halide-metal-halide bonding angle. The rearrangement of the inorganic cage
affecting the overall electronic band-structure induces the red-shift of the energy
gap. In turn, due to the relation between the spontaneous radiative rate R,.q and
the electronic structure of the semiconductor (c.f.r. equation 1.40), also S,.q will
be indirectly affected by the lattice distortion. Interestingly, a detailed therotical
study on the relation between the E, and f,,; has recenely been reported by
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4.3. The role of micro-structure in the emission properties

Filippetti et. al.”®

The effect of lattice distortion was both predicted through ab initio calcula-
tion® % and experiemntally observed®®**° when hybrid perovskite with different
organic cations are considered. In fact, in this case, the steric hindrance and the
local arrangement of the organic cation play a fundamental role in the ground
state crystalline structure tuning the Pb-I-Pb bond angle, thus indirectly affect-
ing the electronic band structure. However the possibility of engineering the band
gap and the intrinsic radiative lifetime of the compound simply tuning the crys-
tallization procedure pave the way to the optimization of the emission properties
thorough a fine-tuning of the depositions steps, thus making hybrid lead-halide
perovskite even more appealing, especially in view of the potential employment
of these materials for lasing applications.

4.3.1 Micro-structure and optical gain

There are two crucial factors making a semiconducting material a promising can-
didate for the realization of low threshold CW lasing device. The first is a long
excited state lifetime. This characteristic is needed in order to create a large
steady-state population under continuous-wave (cw) illumination, which can be
beneficial for low-threshold cw lasing. The second important parameter is the gain
coefficient of the material, whose value is determined by the interplay between the
recombination rates and the nonradiative losses.

In order to shed light on the latter aspect, we performed optical gain measure-
ments using the variable stripe length method® 1% (for details, see the methods
chapter). In this experiment the spatial profile of the excitation laser is made into
a stripe through a cylindrical lens, and the emission is collected from one end of
the stripe. The output intensity I()\, 1) is then related to the stripe length 1 by
the following relation:

I\ = [esF — 1] (4.4)

where A is the emission wavelength, A()) is a constant proportional to the spon-
taneous emission cross section, I, is the intensity of the pump laser and g(A) is
the optical gain coefficient (c.f. section 1.2.3. The PL intensities from the two
samples with large and small crystallites as functions of stripe length at three
different pumping powers along with the curves obtained fitting equation 4.4 to
the experimental data are reported in figure 4.5(a). In (b) we report the values
of the fitted gain coefficients as a function of incident pump intensity, resulting
to be consistently higher in the case of larger crystals. These observations allows
us to suggest that larger crystals with longer PL lifetimesand higher optical gain
must be preferred for the realization of CW-lasing devices.

The above discussion together with section 3.4 are showing that is possible to
design the absorption and emission properties for a single material composition
by tuning the processing route, thus making solution-processable perovskite-based
optoelectronic technology appealing for a variety of application even beyond pho-
tovoltaics.
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Figure 4.5: (a) PL intesity as a function of the stripe length | for different laser excitation
intensities. (b) Optical gains for M APbIs samples with small crystallites (black circles) and
big crystallites (red squares) as functions of pump laser intensity. The error bars refer to the
95% confidence intervals of the fitted parameter values. Figures adapted from reference.®’

4.4 Surface photophysics: environment interaction

Beyond the paramount importance of the material processing route, discussed
in the previous section, the definition of the material opto-electronic properties
can be heavily driven by the interaction with the surrounding atmospheric envi-
ronment, and in particular with moisture.?3® In order to disentangle the afore-
mentioned micro-structure effects from the material interaction with humidity,
we considered some isolated M APbI3 crystals of ~ 10um in lateral size. These
crystals were grown onto glass substrate via two-step deposition (see section 2.2)
in Ny atmosphere, exposed to air for a couple of hours and subsequently encap-
sulated spincoating a polymethyl-methacrylate (PMMA) thin film on top. As a
consequence of this material preparation the perovksite-moisture interaction will
take place mainly at the surface of the crystal thus generating a spatially non-
homogeneous optical behavior.

In this section we investigate the spatial non-homogeneity of the crystal emis-
sion both in the spectral and time domain. For this purpose we coupled a micro-
scope to a time-resolved detection system granting at the same time a pum spatial
and temporal resolution (see the Methods section 2.7.1 section for further details).

In figure 4.6(a) we report the Scanning Electron Microscope (SEM) image
of the investigated crystal on which we marked two different points (A and B)
from which we collected the PL emission, together with the microscope images
showing the laser spot focused either on point A or point B. In figure 4.6(a) the
corresponding PL spectra are reported.

The steady state PL shows 10 nm blue shift going from the center of the crystal
(point A) to its border (point B), with the corresponding PL peaks at Ay =
T74nm and Ag = 765 nm respectively. As vastly reported in literature in lead-
halide iodide the PL re-absorption is usually very strong due to the little stoke
shift31:6% 101 characterizing this material, thus making a correct evaluation of the
exact the spectral position of the emission peak usually very tricky. However it
is worth noticing that in our setup the PL is collected by the same microscope
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Figure 4.6: (a) SEM image of a M APbI3 crystal from which the PL was collected either
from the central part of the crystal (marker A) or the border of it (marker B) (top), and the
microscope images captured during the PL collection (bottom). (b) Normalized steady state
photoluminescence spectra collected either from A (red dots) or B (blue dots). The solid lines
represent a Gaussian fit to the data.

objective used for the pump laser focusing, in reflection geometry, thus we can
safely assume that the photons emitted either by A or B will go through the same
portion of material before being collected, thus the re-absorption will similarly
affect both the spectra. Despite leaving us with a certain degree of uncertainty
with respect to the absolute value of the emission central wavelength mentioned
above, this allows us to claim that the observed 10nm shift cannot be ascribed
to optical artifacts.

Once verified the robustness of the spectral shift we measured the PL time
decays from the two different points investigated under different initial excitation
densities ng. These are reported in figure 4.7.
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Figure 4.7: Time-resolved photoluminescence decay collected either from (a) point A or (b)
point B at different initial excitation density ng. The solid lines represent the curves obtained
fitting the rate equations model to the data.

As expected, both in the center and on the surface of the crystal, the intensity
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4.4. Surface photophysics: environment interaction

dependence of the PL kinetics resemble the behavior described in section 4.2.2,
thus showing two different emission regimes. At low initial excitation densities,
i.e. ng ~ 10 em=3, the PL decay is dominated by trap-filling thus appearing as
a long living mono-exponential, while as the laser fluence increases, the electron
traps are filled and the radiative recombination retrieve its intrinsic bimolecular
nature, signature of an electron-hole plasma emission, which gives rise to the
intensity dependent stretched exponential decay.5%66,83:94

It’s interesting to notice that while in the center of the crystal (point A) the
transition between the two regimes is observed round nj ~ 10 cm™ at the
edge of the crystal (point B) the transition takes place at an excitation density
which is roughly one order of magnitude lower nf < 108 em™2 (see the green PL
decays in figure 4.7). As already discussed, the initial excitation density value
corresponding to the transition from the trap-limited towards the e-h plasma
regime is determined by the electron trap density Ny, thus suggesting that the
difference observed between the two points is related to a consistent reduction of
the trap density at the crystal surface.

Parameter Point A (Center) Point B (Edge)
N; 2.107 em 3 1-10Y7 em—3

Brad 0.35- 10~ em3/s 3.5-10" 2 em3/s

ky 1-1071%em3/s 1-1071%em3/s

G, 3-107 1 em3/s 5-107 1t em3 /s

4-1073 em3 /s 4-1073 em3/s

Table 4.2: Parameters retrieved fitting the rate equation model 4.1 to the experimental data.

In order to quantify the difference in trap density N; between the center and
the edge of the crystal we computed the numerical solution of the rate equations
model 4.1 for different initial excitation densities, and then superimposed the
simulation results to the experimental data. The curves that best matched the
experimental data are shown as solid lines in figure 4.7, while the corresponding
parameters are reported in table 4.2.

Among all the parameters the only value which are characterized by an impor-
tant change going from the center to the edge of the crystal are the trap density
Ny, which is reduced by a factor of 2, and the bimolecular radiative recombina-
tion coefficient (,,4 which increases by an order of magnitude. As we already
noticed, the increase in coefficient (,,4 goes with a blue-shift of the PL sepctra,
thus, in accordance with the discussion reported in section 4.3, we can infer that
at the crystal surface a relevant increase of the local distortion of the lead-iodide
inorganic cage takes place.

Very interestingly both the trap states passivation and the Pb-I lattice strain
have previously been ascribed to the interaction of the crystal with the environ-
ment moisture.?*3! In particular Grancini et al. show by ab initio molecular
dynamics simulation, that water molecules can intercalate within the lead-iodide
cage forming a partly hydrated phase. Moreover they show that the formation
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energy of the 4 M APbl;-1 H,O complex result to be negative, suggesting a spon-
taneous water incorporation within the crystal lattice. The water incorporation,
provoking the swelling of the crystalline unit cell, induces a widening of the gap
and faster photo-carrier recombination.?! At the same time Eperon and co-workers
showed that moisture exposure of already formed perovksite films enhance both
the photovoltaica and photoluminescene performances. They ascribe this improve-
ment to a reduction in trap density, related to a solvation of the methylammonium
which in turn allows an improvement of the crystalline lattice quality.

In conclusion, with our work we observed a spatially non-homogeneous PL
spectrum and dynamics, and we ascribe this local optical modifications to the
interaction between moisture and the crystal surface. In particular the water
molecules, intercalating into the crystalline lattice, on the one hand provokes a
local distortion of the Pb-I bonding responsible for the steady state PL spectra
shift and (,,4 enhancement, on the other hand it induces a local defects passivation
responsible for the lower initial excitation density needed to saturate the available
trap states.

53



CHAPTER

Photo-luminescnce of MAPbBr; and CsPbBr;

5.1 Introduction

So far we explored a system that, despite showing an excitonic resonance in ab-
sorption, is characterized by a photo-luminescence driven by an exciton free pho-
tophyics. As we already pointed out, this peculiar characteristic of M APbl3 can
be explained in term of the ratio between the exciton binding energy and the
lattice LO phonons energy (see section 4.1), resulting to be ~ 1.

In order to further investigate the possible excitonic contribution to the photo-
luminescence properties of hybrid perovskites we moved to lead-bromide samples
which, showing a stronger excitonic transition at the band-edge, are expected to
have an higher binding energy and a more stable excitonic population (see section
3.1). In particular in this chapter we deal with three different samples, compar-
ing an M APbBrs thin film with C'sPbBrs both as a thin film and as a colloidal
suspension of nano-crystals. For all the samples we performed a standard charac-
terization of the photo-luminescence properties through both a steady-state and
time-resolved PL investigation. However, since these techniques alone are not
enough to unequivocally define the role of the exciton in the photophysics of
our systems, we also employed the photoluminescence excitation-cross correlation
technique on all the samples. In this experiment, through an heterodyne detection
system, one is able to collect a signal which percieves only the non-linear contri-
bution to the PL, thus enabling to distinguish between an electron-hole plasma
emission, dominated by a quadratic dependence of the emission decay with re-
spect to the pump intensity, and an exciton population radiative decay which is
a linear phenomenon.” In this way we are able to show that the PL recombi-
nation kinetics of both M APbBrs and C'sPbBrs thin films, irrespectively of the
high exciton binding energy, are dominated by a trap-limited free electron-hole re-
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5.2. Absorption of lead-bromide perovskite: experiment and modeling

combination regime with a relevant Auger quenching under high excitation laser
fluences. Moreover we observe that the C'sPbBrs nano-crystals show a purely
excitonic photo-luminescence with a non-linear detrimental contribution arising
only at very high laser fluence.

5.2 Absorption of lead-bromide perovskite: experiment and modeling

In figure 5.1 we report the UV-Vis absorption and steady state photoluminesce
(PL) spectra for M APbBr; thin film (a), C'sPbBrs thin film (b) and CsPbBr;
nano-crystals (c¢). First of all we observe an absorption onset at ~ 2.29¢V for the
hybrid perovskite, moving to higher energies in the case of Cs-based samples at ~
2.33¢V and = 2.52¢V for the thin film (TF) and nano-crystals (NCs) respectively.
Secondly we can qualitatively notice that the exciton resonance oscillator strength
is increasing from panel (a) to panel (c).
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Figure 5.1: UV-Vis absorption and steady state PL measurements collected from (a) M APbBrs
thin film, (b) CsPbBrs thin film and (c) a CsPbBrs Nano-crystal colloidal solution.

In order to give a rough estimation of the exciton binding energy and energy
gap we modeled the absorption spectra according to the Elliot’s theory for the
absorption of excitons in bulk semiconductor (see section 1.2.4 and section 3.1 for a
detailed description). The curves resulting fitting equation 3.1 to the experimental
data are reported as solid lines, the fitting parameters are reported in the following
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table.
Sample Ep(meV) Eg(eV) T'(meV) npc(eV 1)
MAPbBrs —TF 43.65 + 0.66 2.393 £0.001 31.51 £0.31 —0.434 £0.015
CsPbBrs —TF 63.73 £ 0.43 2.463 £ 0.006 34.67+£0.21 0.444 + 0.006
CsPbBrs — NC's 82.80 £ 0.61 2.670 £ 0.008 38.87+0.30 1.9 £0.003

Table 5.1: Parameters retrieved fitting the Elliot’s equation model 3.1 to the experimental data
of 5.1.

It’s fair to notice that, while for the TF samples the fitting procedure gave
good results, in the NCs case we obtained a lower reduced-x? value, suggesting
that in this case the Elliot’s theory for 3D semiconductor is probably not suitable.
This is also confirmed by the unexpected high non parabolic parameter (npc).
Despite not being fully reliable, the numbers obtained in the NCs case can still
be considered a good approximation to the real values.

Considering the TF sample, as expected, when the Cs cation is substituted to
the MA we observe a consistent blue-shift of the energy gap going from ~ 2.4 eV
for the MAPbBr3 to ~ 2.46¢eV for the CsPbBrs. The NCs sample show an
additional shift with an energy gap of ~ 2.7¢eV. The exciton binding energy shows
a similar trend reaching a maximum value of 83 meV’ in the C'sPbBr3; — NC's
sample. The transition inhomogeneous broadening I', on the other hand, shows a
little variation going from sample to sample, resulting always to be 30 — 40 meV .

Considering the case of M APbBr;—TF we notice that despite the high binding
energy, resulting to be almost doubled with respect to the iodide counterpart (see
section 3.1), the very large energetic broadening of the transition casts a doubt on
the possibility of creating a stable exciton population via photo-excitation. In fact
a large value for I' is not only related to the intrinsic thermal broadening of the
transition, but also to a polycristalline disorder, usually ascribed to the random
orientation of the organic cation, which affects the lattice electrostatic potential
thus preventing the exciton formation.?”

The C'sPbBrs—TF, on the other hand, presents a binding energy value which is
almost double with respect to its I', thus being a better candidate for the creation
of a stable exciton population. However this sample’s absorption spectra shows a
relevant Urbach tail (see 3.1) suggesting an increased density of trap states. These
intra-gap states, acting as exciton dissociation centers, may hamper the exciton
stability.

Eventually we notice that, in the CsPbBr; — NC's sample, both the additional
shift towards higher energies of the band-gap, with respect to the TF, and the
high exciton binding energy suggests that we are observing a confinement effect
due to the small size of this particles, which from TEM measurements result to
be cubes of ~ 6 nm later size.?

Notably if we consider the energetic discrepancy between the PL emission peak
(open circles in each of the panel of figure 5.1) and the energy gap values reported
in table 5.1 we can notice that for all the three considered sample AE ~ 70 —
80meV, thus resulting to be much larger than the expected LO phonon energy
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in lead halide perovksite material.'®> Remembering that the Stoke shifts of the
emission with respect to the energy gap is ultimately related to the exciton-phonon
interaction,% the PL spectral position with respect to the energy gap rule against
the hypothesis of a direct band-to-band radiative recombination, rather suggesting
that the photo-luminescence is mediated by some intermediate coherent state.

5.3 MAPDBr;: nature of the photo-luminescence

The relative PL yield and time-resolved photoluminescence (tr-PL) decays at dif-
ferent pump laser fluences for M APbBj3 are reported in figure 5.2. In these ex-
periments we changed the average laser fluence between 0.08 p.J/cm? and 800
pJ/cm? which, considering the sample thckness and optical density at the excita-
tion wavelength, corresponds to a photo-exited states density ng between 10%em =3
and 10"em 3. It’s fair to notice that we observed an instability of both the time-
integrated PL signal intensity and decay time when pumping the sample at high
fluences (see red dots in figure 5.2(a)). This phenomenon, already reported for
mixed iodide-bromide samples,'?® despite not having yet a clear explanation is usu-
ally ascribed to extrinsic effects likely related to the ion/vacancy motion induced
by the local electric field generated by the photo-excited electron-hole pairs.'%* In
order to discard this spurious effect we left the sample under high fluence illumi-
nation for several hours and, only after the signal stabilization, we performed the
tr-PL intensity dependence experiment.

At low excitation density the PL is characterized by a long lifetime with a
decay trace roughly recalling a mono-exponential decay. As the excitation density
is increased the lifetime is shortened and the decay traces show an increasing
stretched exponential character. It is very interesting to notice that the relative
PL yield plotted as a function of the initial excitation density, reported in figure
5.2 (a), closely resemble the one of the iodide perovskite (see figure 4.2). In fact,
modeling these data with the rate equation model given by equations 4.1, we are
able to get a simulation fitting very well the PL yield data (solid blue line in figure
5.2 (a)).
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Figure 5.2: (a) Relative PL yield collected for several initial excitation densities ng and (b)
time-resolved photoluminescence (tr-PL) decay traces. The blue and red lines are obtained
simulating the PL yield experimental data computing the time-integrated solution of equation

4.1.
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5.3. MAPDbBrj3: nature of the photo-luminescence

Notably in this case in order to match the experimental data we needed to
introduce an extra dependence of the bimolecular recombination rate onto the
initial excitation density. Due to the degeneracy of the e-h plasma under high
excitation density condition the multi-particle interaction induces a quenching of
Braq thus slowing down the radiative recombination and reducing the PL yield. As
a consequence one can disinguish two regimes. (a) Under low laser fluence, i.e. in
the trap limited regime, due to the trap-filling the time integrated PL increases as

1'342, where [., is the laser excitation intensity, giving a PL yield growth going as

1'6142. (b) Increasing the exciatation intensity the trpping channel is quenched and
purely bimolecular regime is reached, the PL signal increases linearly with I,,,”
thus giving a constant PL yield. However both the aforementioned f,,4 saturation
and the auger non-radiative recombination contribute to the saturation of the PL
emission inducing the observed reduction in the PL yield for ng > 107em=3.

As already mentioned above, we observed that keeping the sample under high
excitation fluence the time-integrated PL signal drops over time. In order to un-
derstand the nature of this PL quenching we repeated the time-integrated PL
measurement going backwards, i.e. starting the measurement from high excita-
tion densities after leaving the sample under high intensity illumination for some
time. The resulting PL yield is reported in red dots in figure 5.2 (a). Notably
when we tried to simulate these data with the model given by 4.1 in order to fit
the PL relative yield backward scan we needed to drastically change the fitting pa-
rameters, thus strongly suggesting that the observed photo-induced PL quenching
is likely related to a change of the radiative/non-radiative recombination channel
competition, most likely accounting also for the instability of the aforementioned
PL decay trace.

Despite the good matching of the trap-limited e-h plasma model with the time-
integrated data we were not able to use this model to fit the decay traces reported
in figure 5.2(b). We believe that the main reason for that must be sought into the
observed photo-induced trap states formation. Preliminary results, discussed in
the following, suggest that a more complex modeling of the trapping mechanism
is needed. In particular we introduce a dependency of the trap states density onto
the initial excitation density, such as N; ~ Ny(ng), thus enabling the model to
dynamically account for the aforementioned light induced trap states formation.

5.3.1 Excitation cross correlation experiment

Despite the good matching of an exciton-free model with the experimental data,
we notice here that these experimental observations alone cannot exclude an exci-
tonic PL contribution superimposing to the e-h plasma. In particular, considering
tr-PL one would expect a linear excitonic recombination only at low excitation
density, i.e. in the excitation regime where non linear multi-particle interactions
can be neglected. However in that regime the trap limited recombination can eas-
ily hide a linear excitonic PL. Moreovoer, looking at time-integrated PL both the
ideal scenarios of a pure mono-molecular (% = —An + G) and pure bi-molecular
(fl—’t‘ = —Bn? + () recombination systems shows a linear growth with the ex-
citation density (ng).” In fact solving the excited state rate equations at the

steady state one have that in the first case n(t = oo) = G/A, while in the latter
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5.3. MAPDbBrj3: nature of the photo-luminescence

n(t = 00) = \/G/B, where G I, x ng is the number of excited states generated
per second and unit volume by the laser source (generation rate). Thus the cor-
responding time integrated PL signal will be given by: I ,on0 = An(t = 00) ~ ny
and I; = Bn(t = 00)? ~ ny.

In order to isolate the potential excitonic (i.e. linear) contribution to the PL
we performed a photoluminescence excitation correlation experiment (PEC).105-108
In the PEC experiment a pulsed laser source is split with a 50% beam splitter,
each of the beams is modulated with an optical chopper blade with two different
frequencies (wy 2) while only one of them is delayed with a delay 7 with respect to
the other. The beams are subsequently rejoined onto the same spot on the sample
and the resulting PL is collected onto a slow photodiode plugged into a Lock-in
amplifier referenced to the w; +wy frequency. The resulting PEC signal leans only
on the non linear contribution to the photo-luminescence, thus furnishing a direct
tool to probe weather the exciton does play a role in the perovskite lead-bromide
photophysics (for a detailed experiment description refer to section 2.8).

(@) (b) n, (107 em™)
b 2 4 6 8 10
T T T T T T T n0(1017cm_3) r T ) T 3 3 ™ 234~
P . =
11 45 F P 1195 % »
= z—13 L .- Jiss B, 2
A WA A AN A AR A AR A ] = 2 T ‘ L qur
< 1—1 ; m——
9_'{ 4. 0.9 Lo~ . 1204 ~
& [ At A ] —02 F Tl ® {136 <= 7
] - o < (R
% 3 MWM —0.09 R \‘:_ . Joes gu
2 [ ] E . . > Jooo T
B {120 T
| W < =
N {086 % =
_\‘ "—’____.,———-——‘ - g H
0 o 4 - 1043 S, %
T N
4 o~ a @,
1 I R I . 1 . I . 1 R I . I . . . . ° 7000 -
-0.6 -0.4 -0.2 0.0 0.2 04 0.6 2 4 6 8 10
17 3
Delay (ns) n, (10" cm™)

Figure 5.3: (a) PL Excitation cross-correlation as a function of time delay between the laser
pulses, under different initial excitation densities. (b) Values of Braa, Nt and «y fed into the
rate equation model (ref. 4.1), in order to best fit the experimental PEC data, as a function
of the initial excitation density ng

In figure 5.3(a) the M APbBr; thin film PEC signal as a function of the delay
between the two pulses is reported. We repeated the experiment under increasing
initial excitation density, going from 9-10%cm =3 to 4.5-107em 3. Once again, in
order to avoid spurious effects, we let the sample under high power illumination for
several hours in order to stabilize the signal. We observe that under low excitation
the signal is positive and almost flat in the delays temporal window explored (-0.7
to 0.7 ns). As the laser intensity is increased we observe both an overall reduction
of the PEC signal and the appearance of a negative peak with a dynamic getting
progressively faster. Notice that, due to the specific nature of the PEC signal, the
presence of a non-null signal at ng < 10*%cm =3 is already an indication of the fact
that, even in that regime, the luminescence is governed by a long-living non-linear
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radiative process. In particular we ascribe this PEC signal to the bimolecular
radiative recombination characterized by a decay time approximately given by
75 2 (Braano) "' & 107%s, thus accounting for the fact that in the explored delay
window the decay cannot be perceived. As the initial excitation density increases
the characteristic time of the bimolecular recombination path decreases and at the
same time the Auger recombination is no more negligible. Being a non-radiative
relaxation path the Auger is a negative contribution to the PEC signal, resulting
in the observed deep centered at zero delay time. It is worth noticing that at the
highest excitation laser fluence employed we observe a negative PEC signal (red
curve in figure 5.3) corresponding to the relative PL yield data decrease observed
for ng > 2-107em ™3 (see 5.2(a)).

In order to support the qualitative picture of the photophysics underlying the
light emission in hybrid lead-bromide perovskite, we computed the numerical solu-
tion of the rate equation set describing the recombination dynamic of the excited
e-h pair (see equations 4.1) considering a two pulse excitation and choosing a suit-
able triple [Ny, 5rq4, 7] in order to match the experimental data for each different
initial excitation density (see section A.3 for further details). In figure 5.3(b) we
report the values of the trap density NV;, bimolecular recombination rate (5,q4) and
auger recombination rate (7) that best fitted the experimental PEC signal, as a
function of the initial excitation density ngy. Firstly we observe that the intrinsic
radiative bimolecular recombination rate [3,,4, after an initial increase, saturates
at ng ~ 4-10'" em ™ and then drops for ng > 6-10'" em ™3, in accordance with the
aforementioned degeneracy of the e-h plasma in high excitation regime. Turning
now to the density of electron-trapping sates N; we observe a consistent reduc-
tion of the density of trapping sites IV; as the initial excitation density increases.
Tough this results are still preliminary the observed light-induced quenching is in-
directly suggesting that in the hybrid lead-bromide perovskite the charge carrier
trapping is mediated by charged defect sites. In fact upon light illumination the
photo-generated charge carriers can slowly neutralize these sites, thus reducing
the traps contribution to the excite state recombination dynamic. Eventually we
observe that the Auger recombination rate «y is reduced along with the traps den-
sity, thus suggesting that we are observing a trap mediated Auger recombination
as already reported for other crystalline semiconductors.®

Summarizing we claim that the observed PEC signal as a function of the initial
excitation density arises from the competition between the radiative e-h plasma
recombination, dominant at low excitation fluences, and the three-particle non-
radiative contribution, superimposing to the first one.

Riparafrasa aggingendo che la dipendenza dalla temperature e il fatto che siano
siti carichi suggerisch che siano ioni mobili come per Michele

In order to investigate in more detail the slow trap density variation, leading
to the observed signal instability, we performed the PEC experiment under high
excitation fluence (& 30p.J/cm?) collecting subsequent scans (5 minute each) until
signal stabilization. We then repeated the experiment keeping the sample in a
controlled temperature atmosphere ranging from room temperature to 77 K. As
shown in figure 5.4 the signal collected at room temperature grows in time and it
is stabilized after approximately one hour measurement. Notably the time needed
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Figure 5.4: Excitation cross-correlation signal collected from an M APbBrs thin film under a
laser fluence of ~ 30uJ/em? (1 mW average power on a T0um radius spot) as a function of

the time delay between the pulses. The measurement was repeated at different temperature
between 290 K and 77 K.

to stabilize the PEC signal decreases as the temperature is decreased, and it’s
nullified at 77 K since in that case the PEC signal is already stable after only
one scan. We notice that, according to our previous interpretation, the observed
increase of the PEC signal over long time scale is at least partially due to a slow
reduction of the Auger rate 7. Being the Auger recombination a trap mediated
process (7 o« NV;) when we observe that with decreasing temperature the quenching
of this non-radiative path gets faster, we are actually observing that the charged
trapping sites are passivated in a progressively shorter time as the temperature
goes down.

Drawing the conclusion, despite being preliminary studies, the intensity and
temperature dependance of the PEC experiment partially unveil the nature of the
trapping sites. On the one hand the reported decrease of trap density with in-
creasing excitation laser fluence suggests that the trapping process is mediated by
non-neutral trapping site; on the other hand the marked temperature dependence
of the trap passivation rate suggests a shallow trapped carrier energy level. In
fact, while at room temperature the thermally activated de-trapping process is
quite efficient leading to a slow trap-filling, at lower temperature the de-trapping
becomes negligible and the trapping rate passivation is quicker. It’s worth noticing
that the phyical picture we reported is compatible with an ions/vacancies motion
mediated trapping as already vastly investigated and reported in the lead-iodide
perovskite case'®1% and in the mixed halide one.'%
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5.4 CsPbBrj: the role of the exciton

As already discussed in the introduction, recent works in hybrid lead-halide per-
ovskite demonstrated that the polarized M A" organic moiety is characterized by
an high mobility in the 0.1-1 ps time scale,''? indirectly influencing the electronic
properties of the material via the dipole-lattice dynamic interaction. In particu-
lar Grancini et al. observed that the electrostatic potential variation induced by
the organic moiety morphological disorder can disrupt the long-range crystalline
order preventing the possibility to sustain a stable exciton population.?” For this
reasons, in order to grant an higher energetic order, we moved to consider a per-
ovskite with an inorganic cation as C'sPbBrs. Moreover we considered both a
thin film sample and a nano-crystals colloidal suspension of the same material,
thus exploring how the different material micro-structuring affects the emission
properties in the Cs based perovskite case.
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Figure 5.5: Photoluminescence decays and normalized relative PL yield of CsPbBrs thin film
(a,c) and nanocrystals (b,d), as a function of initial excitation density ng and impinging
laser fluence respectively. (e)-(f) PL Excitation cross-correlation measurements for the same
samples collected respectively at ng = 10em™3 (red), ng = 2 x 10%em=3 (green), ny =
10Y7em=2 (blu) for the thin film (e) and F = 0.1uJem™2 (red), F = luJem™2 (green),
F =10pJem™2 (blue) and F = 100pJem™2 (orange) for the nanocrystals (f). Aex = 400nm,

repetition rate RR = 250k H z.

In figure 5.5 (a) and (b) we report the time-resolved photoluminescence decays
for the thin film (TF) (a) and the nano-crystals (NCs) sample. First of all we
observe that the TF sample PL decays within 1ns, thus resulting to be approx-
imately one order of magnitude faster than the NCs. As a result the PL decay
traces reported in panel (a) of figure 5.5 are heavily affected by the system impulse
response, being of ~ 70ps. However, despite being at the limit of our temporal
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resolution, we can observe a clear dependence of the characteristic PL decay time
on the initial excitation density ng, suggesting once again a bi-molecular radiative
recombination process. On the contrary the NCs sample shows a neat mono-
exponential PL decay with a &~ 4ns lifetime irrespectively of the impinging laser
fluence. Notably both these characteristics are signature of a coherent state, i.e.
excitonic photo-luminescence.

Subsequently we evaluated the relative PL yield on both the samples, data
reported in figure 5.5 (c¢) and (d). Interestingly also in this case the TF and NCs
show dramatically different behaviors under increasing pumping laser power. On
the one hand the C'sPbBr; TF sample is characterized by a very low PL yield
under low excitation fluence, which increases once the laser fluence generate an
no > 107em =3 excited states per unit volume. On the other hand the NCs sample

is characterized by a constant PL yield, dropping slightly when F' > 50u.Jcm 2.

We notice that in the case of C'sPbBr; TF both the pump intensity depen-
dence of the PL lifetime and the increasing in PL yield (see figure 5.5 (a) and (c)
respectively) resemble what we already reported for M APbBr; sample, thus sug-
gesting that, despite the cation substitution, the photophysics driving the photo-
luminescence is again related to a trap-limited electron-hole plasma radiative re-
combination. In the NCs case, on the other hand, the constant PL yield in the
low excitation regime is consistent with the hypothesis of a solely excitonic photo-
luminescence. It’s interesting to notice that the PL quenching observed in figure
5.5 (d) in the high excitation regime is not accompanied by a shortening of the
emission lifetime, thus ruling out the formation of a competing non-radiative decay
path in the same temporal regime of the intrinsic PL rate emission as discussed
in the case of both C'sPbBrs and M APbBrs thin film.

In order to both verify the e-h plasma pictures we proposed for the C'sPbBr;
TF and to elucidate the nature of the aforementioned PL quenching in NCs we
performed on both the samples the PEC experiment under different initial exci-
tation densities, data reported in 5.5 (e) and (f) respectively.

In the C'sPbBrs TF case we observe a positive PEC signal peaking at zero time
delay and growing as the exciting laser intensity is increased. In accordance with
the PL yield data of figure 5.5(c) even under the highest available exciting laser
fluence we do not observe any detrimental contribution to the PL, suggesting that
the Auger decay path is not playing any relevant role within the explored initial
excitation density range. Moreover the PEC dynamic gets faster as the initial
excitation density increases and at ng = 107em ™3 the signal is reduced of a 1/e
factor after ~ 0.4ns, a value which is fully compatible with the sub-nanosencd
PL decay reported in figure 5.5(a). As already discussed a positive PEC signal is
related to a non linear PL contribution, thus supporting the proposed e-h plasma
model with a reduced Auger contribution for the TF photo-luminescence.

In figure 5.5(f) the PEC collected from the C'sPbBrs NCs sample under an
increasing excitation laser fluence. Notice that in this case the PL change (APL)
was so large that the normalization in order to retrieve a relative value was non-
trivial, thus the absolute PL variation is reported in arbitrary units. Under low
excitation fluence we obtain a zero PEC signal, and as the excitation laser intensity
is increased the signal becomes negative monotonically, however keeping the same
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temporal dynamic. In the case of NCs it is intuitive to consider the average
number of excitations per nano-crystal corresponding to the laser fluence reported
in figure. Through the definition of an effective bulk absorption coefficient oy ~
2-10* cm™! one can evaluate the NC absorption cross section as 0 ~ a,¢-V, where
V' is the nano-crystal volume and ¢ is the impinging photon flux. The average
number of excitations for each of the nano-crystal is then readily evaluated as
Nnes = 0 - ¢. It’s very interesting to notice that the relative PL yield starts to
drop significantly from unity when n., > 1, thus suggesting that the observed PL
quenching is due to a non-linear interaction between excited states. In particular
as the first pulse is absorbed the excited state population density will be n., o
no and under high enough laser fluence more than one excited state per nano-
crystal will be created. However the ultra-fast auger interaction among the photo-
excited species induces their de-excitation bringing the system back to the single
excitation per nano-crystal status irrespective of the initial excitation. Overall this
fast non-radiative de-excitation results in a saturation of the PL emission. As a
consequence the first incoming pulse will saturate the PL emission and the delayed
pulse brings a detrimental contribution to the PL (APL < 0). The PL emission
will be recovered with the intrinsic exciton lifetime 7e,: nee(t) =~ ng e~/ thus
giving a PEC signal going back to zero with a characteristic time 7., ~ 4mns,
irrespective of the impinging laser intensity.

As a consequence of these observation we consider the PEC signal to be fully
consistent with the excitonic emission we proposed above. In particular:

(a) when the average excitation per nano-crystal is below 1 the PL emission
is driven by a purely escitonic radiative recombination. Being this process
linear, a zero PEC signal is observed.

(b) For ne, > 1 an ultrafast multi-excioton non-linear interaction hinder the
possibility to populate each nano-crystal with more than one excitations,
thus resulting in a saturation of the excited state population and a negative
PEC signal, increasing in absolute value as the excitation fluence is increased.

The origin of such a auger process is however out of scope of this study, though
it highlights a major bottleneck in the application of these structures in lasing
applications. Like the cases of PbS and CdSe based nanocrystals, one may have
to explore core-shell kind of heterostructures to obtain considerable gain even in
the single exciton regime!'*'? and avoid multi-partcle interactions.

In figure 5.6 the optical density of CsPbBrs TF and NCs are reported in log
scale (dots) together with the corresponding fitting curves (sold lines). The shaded
are between the experimental and fitted curves furnish a visual quantification of
the relative weight of the Urbach tail in the absorption of these two samples. It’s
very interesting to notice how, despite sharing the same chemical composition,
the different production procedures is leading to a much higher defect density in
the case of the thin film with respect to the nano-crystals. Even if not conclusive
this simple observation allows us to claim that the crystalline quality is a crucial
element in the determination of the material photo-luminescence properties, to
the point of determining the photophysics governing the recombination processes.
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Figure 5.6: Optical density of CsPbBrs thin film and nano-crystals (green and blue dots respec-
tively), together with the curves obtained fitting equation 3.1 to the experimental data. The
shaded area represent a visual quantification of the Urbach tail contribution to the absorption.

In summary, thanks to the combination of a traditional tr-PL and PL yield
characterization with the PEC experimental techniques, we demonstrated that the
lead-bromide perovksite thin film samples are characterized by a recombination
dynamic driven by a trap-limited electron-hole plasma emission, irrespectively
of the cation substitution leading to a larger estimated exciton binding energy.
Moreover we discussed the dramatic influence of the material microstructuring
on the emission properties. In particular we showed that the CsPbBrs nano-
crystals, despite sharing the same chemical nature with the thin film samples, are
characterized by a purely excitonic PL limited only by an absorption saturation
effect. Eventually we showed that this drastic difference is, at least partially, due
to an higher defects density which, disrupting the long range crystalline order,
hamper the stabilization of an excitonic population.
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Conclusions

HE perovskite based photovoltaic technology has been characterized by an
Textremely rapid development, drawing the majority of the research effort to the
device performances enhancement and leaving behind a thorough understanding

of the photon to current conversion mechanisms in this class of semiconductors.

The work presented in this thesis contributes to the filling of the huge gap
between the devices performance improvement and the understanding of the pho-
tophysics behind the photovoltaic process. We performed a steady state and time-
resolved spectroscopic investigation of the absorption and photo-luminescence on
both lead-iodide and lead-bromide perovskite samples, focusing on the relation
between the material micro-structuring and its optoelectronic properties.

Absorption spectroscopy

With a temperature dependent UV-Vis absorption measurements on C HsN H3 Pbl3
(MAPbVI3) and CH3N H3PbBrs (MAPbBrs) sample we are able to define the
context in which the lead-halide perovskites need to be located. In both the in-
vestigated case we observe the clear spectroscopic signature of an exciton, i.e. a
coherent state due to the coulomb interaction between an hole in the valence band
and en electron in the conduction band. Thus as a preliminary conclusion we can
with certainty ascribe this class of materials to the family of the crystalline direct
band-gap semiconductors.

Subsequently we investigated the influence of the crystalline micro-structure
on the absorption properties of lead-iodide perovksite. We observe that when the
material is grown within an inert meso-scaffold and/or in the shape of small grain
poly-crystalline thin films the excitonic contribution to the absorption spectra is
quenched even at low temperature. Thus we show that the material formation
process, disrupting the long-range crystalline order, can alter the local electric
screening and consequently tune the photophysical processes governing the exciton
to free-carrier ratio at thermal equilibrium.
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Luminescence spectroscopy

We investigated the steady state and time-resolved photo-luminescence (PL) of
M APbI; showing that a Shockley—Read-Hall, i.e. a trap limited electron-hole
plasma, recombination process governs the light emission. Thus we identified as
crucial the competition between the intrinsic bimolecular radiative recombination
rate [,.,4 and the density of available traps N;. Notably we showed that the opto-
electronic properties of this material are characterized by an intrinsic variability.
In fact we observed that different deposition routes, influencing the lead-iodide
cage strains, can indirectly alter the electronic structure of the semiconductor re-
sulting into a direct tuning of the luminescence spectral position and characteristic
lifetime.

Subsequently we investigated the lead-bromide perovskite both in its hybrid
(MAPbBr;) and fully inorganic (CsPbBrs) form. Combining the PL excita-
tion cross-correlation technique with the more conventional time-resolved and
steady state PL measurements we are able to define the role of the exciton in
the light emission process. We show that when the material is deposited as a
thin film, despite showing a strong excitonic feature in absorption, the system
relaxation taking place after the photo-excitation is once more dominated by a
Shockley—Read-Hall recombination, characterized by a photo-induced dynamic
variation of trap density. The exciton emission, however, can be retrieved control-
ling the material’s microstructure. In fact considering a colloidal suspension of
C'sPbBr; nano-crystals we observe a solely excitonic photo-luminescence limited
only by a non-radiative exciton-exciton interaction effect.

In summary on the one hand we identified the reduction of traps density, via
material’s processing optimization, as one of the key issue to tackle in order to
improve the device performances as photovoltaic and light emitting devices. On
the other hand we showed that the synergy between the choice of the cation and
the material’s deposition route can drastically change the photophysics governing
the light matter interaction of these material. Thus we identify both the reduction
of crystalline defects and the micro-structuring as the way forward in the tailoring
and engineering of lead-halide perovskites for photonics applications.
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APPENDIX

Appendix

N this section we will report the coding scripts employed for the implementation
Iof fitting and simulation of the experimental data as specified into the text.
All the software were developed in Python 3.0 language into the iPhyton
notebook environment.
For seek of completeness and clarity we list in here the headers used in order
to import the necessary library for the codes execution.

import numpy as np

import matplotlib.pyplot as plt

import matplotlib.ticker as ticker

# ODFEpack tool for differential equation integration
from scipy.integrate import odeint

# Optimization tool

import scipy.optimize as opt

#Interpolation tool

from scipy.interpolate import interpld

A.1 Elliot’s theory absorption coefficient

Since the absorption coefficient fitting was performed through an ordinary least
squares method, first of all we defined a function taking both the parameters
initial values vectors p, the experimental data a_exp and the energy x-axis e. The
function returns the difference between the experimental data and the simulated
absorption coefficient.

def Elliots_fit(p, a_exp, e):
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Eb, Eg, gamma, npc, k = p

# Descrete transitions to the excitonic states
absex = np.zeros((e.size))
n = np.linspace(l, 500, 500)

for i in range (0, e.size):
expr = 4*np.pi*x(Eb**x(3/2))/(n*x*3)*1
((np.cosh((e[i]—Eg+Eb/n*%*2)/gamma)))
S = expr.cumsum(axis=0)
absex[i] = S[—1]

# Band to band absorptio with Sommerfeld correction
abseh = np.zeros((e.size))

def fun_eh(x,e,gamma,Eb,Eg,npc):
D = (x—Eg)/Eb
return (1/(np.cosh((e—x)/gamma))*2*np.pi*np.sqrt(Eb)...
/(l—np.exp(—2*%np.pi/(np.sqrt(D))))*1/(1—npc*x(x—Eg)))

for i in range (0, e.size):
q = quad(fun_eh, Eg, inf, args=(e[i],gamma,Eb,Eg,npc))
abseh[i] = q[0]

# Complete Abs simulation (background added)

abs_sim = np.zeros((e.size))

for i in range (0, e.size):

abs_sim[i] = (e[i]/Ebx*x*x(3/2))*(absex[i]+abseh[i])
return(abs_sim*k—abs_exp_fit)

Subsequently the experimental data are loaded, and the least square method
is called through the opt.leastsq function. Within the least square minimization
the function will be called each time with different parameters and the procedure
will stop once the difference is lower than the error tolerance chosen. Eventually
the standard errors are evaluated for each of the parameters.

# Data loading

data = np.loadtxt(’filepath’, delimiter="\t", skiprows=0)
e_exp = 1240/datal:,0] # concerted from nm to eV
a_exp = datal[:,1]1—data[0,1] # removing the background

# Intial Values
Eb = 0.030 # exciton binding energy (eV)
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gamma = 0.029 # inhomogeneous line broadening (eV)
Eg = 2.402 # semiconductor bandgap (eV)

npc = —0.31 # non—parabolic coefficient

k = 0.0035

# Enerqy axis generation

ix® = np.searchsorted(e_exp,1240/430)

ixl = np.searchsorted(e_exp,1240/555)

e = np.linspace(e_exp[ix0], e_exp[ix1], 500) # energy azes (eV)

p® = [Eb, Eg, gamma, npc, k]

#Fit Calling
# Interpolating the simulated abs over the exp x—axis
f = interpld(e_exp,a_exp)
abs_exp_fit = f(e)
opt_out = opt.leastsq(Elliots_fit, p®,
args=(abs_exp_fit, e), full_output=1)
fitted_param = opt_out[0]

#Standard error evaluation

fitting = Elliots_eval(fitted_param, e)

if (len(abs_exp_fit) > len(p®)) and opt_out[1l] is not None:
s_sq = ((fitting—abs_exp_fit)**2).sum()...

((len(abs_exp_fit)—len(p0®)))

pcov = opt_out[1l] * s_sq

else:
pcov = inf

error = []
for i in range(len(opt_out[0])):
try:

error.append( np.absolute(pcov[i][i]) **0.5)
except:
error.append( 0.00 )
pfit_leastsq = opt_out[0]
perr_leastsq = np.array(error)

A.2 Rate equation model

In order to simulate the PL time evolution under different exciting laser fluence we
computed the numerical solution to the 4.1 model using different initial excitation
densities ng as initial condition. Here the physical constants and the simulation
parameters Nt, kb, gt, gr and gamma are initialized.

70



A.2. Rate equation model

#Initial condition for excited state population

Pcw = np.logspace(0,4.1,100)*le—6 # Avarage CW power in W
lambda = 400%1le—9 # wavelength in m

h = 6.67x(10%%(—34)) # Plank Constant [Js]

c = 3%x(10%%8) # Speed of light

Ap = np.pi*(70%10%x(—6)) **2 # Spot size in m”2

OD = 0.28

#Since the penetration depth is round Ium (OD=0,27 @ 400nm for 700mm
thick sample), we consider the light to be absorbed in the whole
thickness of the sample

d = 700%1e—9 # Sample thickness in m

Iex = Pcw/(Ap) # FExcitation intensity (Wm™2)

RR = 250%1e3 # Repetiotion rate (1/s)

Nt = lel8 # available traps density (ecm™—3)
kb = 4e—10 # bimolecular recombination rate
gt = 6e—11 # electron trapping rate (em”3/s)
gr = le—12 # detrapping rate (ecm”3/s)

gamma = le—28 # Auger rec rated (cm6/s)

# Fluence (uJ/cm”2)

F = Pcw/(RR*Ap*xled)*1leb

# FExcitation density em™—3

n_phot = Pcw*x(lambda) /(RR*xhxc*xAp*xd)*10%*x(—6)

In order to take into account the bi-molecular recombination rate (f5,qq4) quench-
ing due to a fermion gas degeneracy under high excitation fluences, for each initial
excitation density we defined an effective S.s¢ as: k = kb*sat[i], where sat[i] is
the i-th element of the saturation coefficient. The saturation coefficient value as
a function of the excitation density was evaluated from a separate calculation
taking into account two degenerate fermion gases, representing the holes in the
valence band and the electron in the conduction band, and computing the radia-
tive recombination rate as a function of the excited population density: (,44(10).
Normalizing this value to one we obtained the saturation factor stored in sat[i].

# kb saturation from degenerated fermion gases calculations

Calc = np.loadtxt(’kb_sat.txt’, delimiter="\t", skiprows=0)
n_abs_calc = Calc[:,0] # excitation density in cn™—3
sat_fact = Calc[:,1]

f_sat = interpld(n_abs_calc,sat_fact)

sat = f_sat(n_phot*x(1—10%*x(—0D)))

The set of ordinary differential equation described in section 4.2 is implemented
defining a function f(y, t, kb_eff) which takes as parameters the initial condi-
tion vector y, containing the population densities at time zero, the time vector t
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containing all the time step at which the solution is computed and the effective
Befﬁ

# solve the system dy/dt = f(y, t)
def f(y, t, kb_eff):

ne_i = y[0]
nh_i = y[1]
nt_i = y[2]

# rate eq for electrons

dne = — kb_eff*ne_i*nh_i — gt*ne_i*Nt*(l—nt_i/Nt) — gammax
ne_i*xnh_i**2

# rate eq for holes

dnh = — kb_eff*ne_i*nh_i — gr*nh_i*nt_i — gamma*ne_i*nh_1i**2

# rate eq for traped electrons

dnt = gt*ne_i*(Nt——nt_i) — gr*nh_i*nt_i

return [dne, dnh, dnt]

Notice that since the de-trapping rate G,, is usually very slow, the filled traps
population density won’r decay completely within the time range between two
subsequent pulses, being in our case t,, = ﬁ = 4pus. As a consequence when the
sample is excited with a pulsed laser a filled traps background will be established.
This background will affect the recombination dynamics since it contribute to the
reduction of the effective density of available traps N;. In order to account for
this phenomenon in our computation we computed the dynamic solution of f(y,
t,k_eff) due to the first incoming pulse, i.e. setting the initial condition for the
density of traps to zero (y®first = [n_abs,n_abs,0]). Subsequently we consider a
second incoming pulse which will build up a photo-excited population over the
electron and holes population evaluated at time ¢ = ¢,, after the first incoming
pulse. The resulting initial condition vector for the second pulse will then be:
y0 = [n_abs+ne_first[ix,i],n_abs+nh_first[ix,i],nt_first[ix,i]].

The PL dynamic is then evaluated as PL(t) = kn.n; and normalized to one
in order to be compared with experimental data, while the time-integrated values
is simply obtained as PL[i] = np.trapz(PL_dyn[:,i],t)*RR.

# time grid
t = np.logspace(—13,—4, 100000)

#Initialization

#First pulse population giving the initial condition
#for the rest of the pulses

ne_first = np.zeros((t.size,Pcw.size))

nh_first = np.zeros((t.size,Pcw.size))

nt_first = np.zeros((t.size,Pcw.size))

PL_first = np.zeros((t.size,Pcw.size))
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#Rest of pulses initialization

ne = np.zeros((t.size,Pcw.size))

nh = np.zeros((t.size,Pcw.size))

nt = np.zeros((t.size,Pcw.size))

PL = np.zeros((Pcw.size))

PL_dyn = np.zeros((t.size,Pcw.size))

for i in range(0,Pcw.size):
n_abs = n_phot[i]*(1—10**(—0D))
k = kb*xsat[i]
# initial condition vector [electron,hole,trap]
y0first = [n_abs,n_abs,0]

#First pulse simulation

soln_first []

soln_first = odeint(f, yOfirst, t, args=(k,))
ne_first[:,i] = soln_first[:, 0]
nh_first[:,i] = soln_first[:, 1]
nt_first[:,i] = soln_first[:, 2]

#Rest of the pulses simulation
ix = np.searchsorted(t,1/RR)
y0 = [n_abs+ne_first[ix,i],n_abs+nh_first[ix,i],nt_first[ix,i]]

soln = []

soln = odeint(f, y0, t, args=(k,))
nel[:,i] = soln[:, 0]

nh([:,1i] soln[:, 1]

nt[:,1i] soln[:, 2]

PL_first[:,i] = k*knh_first[:,i]*ne_first[:,1i]

PL_dyn[:,i] = k*nh[:,i]*ne[:,1i]
PL[i] = np.trapz(PL_dyn[:,i],t)*RR

PLQY = PL/Iex
PLQY_norm = PLQY/np.amax (PLQY)

A.3 Excitation Cross-Correlation

The excitation cross-correlation experiment simulation were carried out similarly
to what already presented above and following the procedure presented in the work
by Borgwart et al.!'®* We highlight that two separate trains of pulses, indicated
for convenience as pump and probe, are considered. In the presented case we
considered a symmetric pump condition, i.e. P_probe = P_pump.
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# Initial condition for excited state population
P_pump = np.array([2500, 1700, 1000, 700, 500, 100])*le—6 ;#

Avarage CW power (W)
P_probe = P_pump

lamda = 400%1le—9 # FExcitation wavelength (m)

h = 6.67x(10%%(—34)) # Plank Constant (Js)

c = 3%x(10%%8) # Speed of light

Ap = np.pi*(70%10%*(—6)) **2 # Spot size (m°2)

Iex_pump = P_pump/Ap # Fzcitation intensity (Wm"2)

Iex_probe = P_probe/Ap

0D = 0.27 # Optical density at the pumping
wavelength

# Since the penetration depth is round lum (OD=0,27 @ 400mm for 700mm
thick sample), we consider the light to be absorbed in the whole
thickness of the sample

d = 700%1le—9 # Sample thickness (m)

RR = 250%le3  # Repetition rate (1/s)

Nt = 8el8 # available traps density (cm™—3)

kb = 4e—10 # bimolecular recombination rate

gt = 6e—11 # electron trapping rate (cm”3/s)

gr = le—12 # hole rec. with trapped electron rate (ecm”3/s)

gamma = le—28 # Auger rec rated (cm™6/s)

# Fluence (uJ/em”2)

F_pump = P_pump/(RR*Ap*led)*1leb

F_probe = P_probe/(RR*¥Ap*led4)*x1leb

# Initial excitation density cm™—3

nO_pump = P_pump*(lamda)/(RR*xh*xcxAp*d) *x10%x*(—6)
n®_probe = P_probex(lamda)/(RR*h*xc*xAp*xd)*10%*x(—6)

# Density of absorbed photon considering a saturation
nabs_pump = nabs_probe = np.zeros((P_pump.size))

for i in range(0,P_pump.size):
nabs_pump[i] = n®_pump[i]*(1—10%*x(—0D))
nabs_probe[i] = n®_probe[i]*(1—10%*(—0D))

In the following we define both the time vector and the vector containing the
time delay 7 between the two pulses with a logarithmic spacing.

# Time grid
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t = np.logspace(—13,—4, 10000)

# Delay vectors

tau_pos = np.logspace(—12,—6, 50)
tmp = np.zeros((2,tau_pos.size))
tmp[0,:] = tau_pos

tau_neg_tmp = np.fliplr(tmp)*(—1)
tau_neg = tau_neg_tmp[0, :]

tau = np.hstack((tau_neg, tau_pos))

# Initialization of I—pulse PL

PL_pump = np.zeros((t.size, P_pump.size))

PL_probe = np.zeros((t.size, P_pump.size))

ne_pump = ne_pumpl = np.zeros((t.size, P_pump.size))

nh_pump = nh_pumpl = np.zeros((t.size, P_pump.size))

nt_pump = nt_pumpl np.zeros((t.size, P_pump.size))
ne_probe = ne_probel = np.zeros((t.size, P_pump.size))

nh_probe = nh_probel

np.zeros((t.size, P_pump.size))

nt_probe nt_probel np.zeros((t.size, P_pump.size))
SPump = np.zeros((P_pump.size))

SProbe = SPump

# Initialization of 2—pulse PL
t_2 = np.zeros((t.size, tau.size, P_pump.size))
ne_2 = np.zeros((t.size,tau.size, P_pump.size))

nh_2 = np.zeros((t.size,tau.size, P_pump.size))
nt_2 = np.zeros((t.size,tau.size, P_pump.size))
PL_1 = np.zeros((t.size,tau.size, P_pump.size))

PL_2 = np.zeros((t.size,tau.size, P_pump.size))
S1 = np.zeros((tau.size, P_pump.size))

S2 = np.zeros((tau.size, P_pump.size))

Xcorr = np.zeros((tau.size, P_pump.size))

Firstly we evaluated the single pulse PL with the same procedure presented
above, thus obtaining the time-integrated PL as a function of the laser pumping
power as SPump[i] = np.trapz(PL_pump[:,i],t) and SProbe[i] = np.trapz(PL_probe
[:,i],0.

# 1 pulse PL

for i in range(0®,P_pump.size):
k = kb*sat[i]
# first pulse simulation for the trap states background creation

# initial condition vector [electron,hole,trap,exc]
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yO_pumpl = [nabs_pump[i],nabs_pump[i],0]
y0_probel = [nabs_probe[i],nabs_probe[i],0]

[]
sol_probel = []

sol_pumpl

sol_pumpl = odeint(f, yO_pumpl, t, args=(k,))
sol_probel = odeint(f, yO_probel, t, args=(k,))

ne_pumpl[:,i] = sol_pumpl[:, 0]
nh_pumpl[:,i] = sol_pumpl[:, 1]
nt_pumpl[:,i] = sol_pumpl[:, 2]
ne_probel[:,i] sol_probel[:, 0]
sol_probel[:, 1]
sol_probel[:, 2]

nh_probel[:,i]

nt_probel[:,i]

# real pulse

ix = np.searchsorted(t,1/RR)

# initial condition vector [electron,hole,trap]

yO_pump = [nabs_pump[i]+ne_pumpl[ix,i],...
nabs_pump[i]+nh_pumpl[ix,i],nt_pump[ix,i]]

y0_probe = [nabs_probe[i]+ne_probel[ix,i],...
nabs_probe[i]+nh_pumpl[ix,i],nt_probe[ix,i]]

print (y®_probe)

sol_pump = []

sol_probe = []

sol_pump = odeint(f, yO®_pump, t, args=(k,))
sol_probe = odeint(f, y®_probe, t, args=(k,))

ne_pump[:,i] = sol_pump[:, O]

nh_pump[:,i] sol_pump[:, 1]

nt_pump[:,i] sol_pump[:, 2]

ne_probe[:,i] = sol_probe[:, 0]
nh_probe[:,i] = sol_probe[:, 1]
nt_probe[:,i] = sol_probe[:, 2]

PL_pump[:,i] = k*nh_pump[:,i]l*ne_pump[:,i]
PL_probe[:,i] = k*nh_probe[:,i]l*ne_probe[:,i]

#1 pulse PL integral
SPump[i] = np.trapz(PL_pump[:,i],t)
SProbe[i] = np.trapz(PL_probe[:,i],t)
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Afterwards we considered the PL emission in presence of both the pump and
probe pulses. For each pumping power and time delay the time integrated PL
will be given by the sum of the PL arising from the first pulse integrated between
the time zero and ¢t = 7, plus the PL due to the second pulse building up a
photo-excited carrier population over the first-pulse leftover population:

1Y) =8 + 8, = / 15m2) (1) dt + / 107 (1) dt (A1)
0 T
where [g’g‘)be) is evaluated solving the rate equation set with the proper initial

condition, given by ngndp“lse = ng + n'"Puse(t = 7). The relative PL variation is
then evaluated as:

2 o] um 00 robe
11(32 B fo IJI;L p(t>dt B fo IJI;Lb (t)dt

2
Ip;

PEC =

(A.2)

This value is indicated in the following script as Xcorr[i,jl, where i runs over the
time delays and j over the pumping powers.

# 2 pulse PL

for j in range(0,P_pump.size):
k = kb*sat[j]
for i in range(0,tau.size):
if taulil>=0: # Pump pulse arrive first PL emission

ix = np.searchsorted(t,tau[i])

PL_1[0:ix,i,j] = PL_pump[®:ix,j]

# The probe pulse pile up on the residual pump pop

y0_2 = [ne_pump[ix,jl+nabs_probel[j],
nh_pump[ix,j]+nabs_probe[j], nt_pump[ix,j]]

sol2_temp = odeint(f, y0_2, t, args=(k,))

t_2[:,i,j]l=t—tau[il

ne_2[:,i,j] = sol2_temp[:, O]
nh_2[:,i,j] = sol2_temp[:, 1]
nt_2[:,1,j] = sol2_temp[:, 2]
PL_2[:,i,j] = k¥nh_2[:,i,j]l*ne_2[:,i,]]

# Integral and X_Corr
S1[i,j] = np.trapz(PL_1[0:ix,i,jl,t[0:ix]) # Integral
of first pulse
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S2[i,j] = np.trapz(PL_2[:,1i,j],t) # Integral
of second pulse

Xcorr[i,j] = (S1[i,j]+S2[i,j]—SPump[j]—SProbel[j]l)...

((S1[i,j1+S2[i,i1))

else: # Probe pulse arrive first

ix = np.searchsorted(t,—taul[i])

# print (iz)

PL_1[0®:ix,i,j] = PL_probe[0®:ix,j]

# The pump pulse pile up on the residual probe pop

y0_2 = [ne_probe[ix,jl+nabs_pump[j],
nh_probe[ix,j]l+nabs_pump[j], nt_probe[ix,j]]

sol2_temp = odeint(f, y0_2, t, args=(k,))

t_2[:,i,j]l=t—taulil

ne_2[:,i,j] = sol2_temp[:, O]
nh_2[:,i,j] = sol2_temp[:, 1]
nt_2[:,1i,j] = sol2_temp[:, 2]
PL_2[:,i,j] = k¥nh_2[:,i,jl*ne_2[:,i,]]

# Integral and X Corr

S1[i,j] = np.trapz(PL_1[0:ix,i,jl,t[0:ix]) # Integral
of first pulse

S2[i,j] = np.trapz(PL_2[:,i,j],t); # Integral
of second pulse

Xcorr[i,j] = (S1[i,j]+S2[i,j]—SPump[j]l—SProbel[j]l)...

((S1[i,jI+S2[1,31)3)

Eventually the experimental data are loaded and a least square differences
minimization procedure was used to fit the simulation to the data in order to
account for an instrumental prefactor affecting the experimental data.

# Data loading

data = np.loadtxt(’filepath’, delimiter="\t", skiprows=1)

tau_exp = data[:,0]1*10%x(—15) # factor 10xx(—15) is to go from fs to
S

Xcorr_exp = np.zeros((tau_exp.size,P_pump.size))

Xcorr_sim_norm = np.zeros((tau.size,P_pump.size))

def func(k, Xcorr_exp, Xcorr_k):
return (np.abs((Xcorr_k*k) — Xcorr_exp))

for i in range(0,P_pump.size):

# exp data need to be multiplied by a factor of 10
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Xcorr_exp[:,i] = datal[:,i+1]1*10

# interpolating the simulated Xcorr over the exp delays

f = interpld(tau,Xcorr[:,i])

Xcorr_k = f(tau_exp)

k_1sq = opt.leastsq(func, 0.1, args=(Xcorr_exp[:,i], Xcorr_k))

Xcorr_sim_norm[:,i] = Xcorr[:,i]*np.absolute(k_1sq[0])
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